University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2002

Synthesis and stereochemical studies of chiral
polyanilines
Chinnarat Boonchu
University of Wollongong

Recommended Citation
Boonchu, Chinnarat, Synthesis and stereochemical studies of chiral polyanilines, Doctor of Philosophy thesis, Department of
Chemistry, University of Wollongong, 2002. http://ro.uow.edu.au/theses/1189

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

SYNTHESIS AND STEREOCHEMICAL

STUDIES OF CHIRAL POLYANILINES

A thesis submitted in fulfillment of the requirements
for the award of the degree

DOCTOR OF PHILOSOPHY

from
UNIVERSITY OF WOLLONGONG
by
CHINNARAT BOONCHU, B.Sc.

Intelligent Polymer Research Institute
Department of Chemistry
2002

THESIS CERTIFICATION

I, Chinnarat Boonchu, declare that this thesis, submitted in fulfillment of the
requirements for the award of Doctor of Philosophy, in the Department of
Chemistry, University of Wollongong, is wholly my own work unless otherwise
referenced or acknowledged. The document has not been submitted for
qualifications at any other academic institution.

Chinnarat Boonchu
30 August 2002

TABLE OF CONTENTS
LIST OF FIGURES

x

LIST OF ABBREAVIATIONS xxiv
ABSTRACT xxvii
ACKNOWLEDGEMENTS xxxii

CHAPTER 1
General Introduction 1
1.1 Conducting Polymers 1
1.2 Polyaniline 2
1.2.1 Electrochemical Polymerization 5
1.2.2 Chemical Polymerization 8
1.2.3 Polymerization by other Methods 11
1.2.4 Doping in Conducting Polyaniline 12
1.2.5 Factors Controlling the Conformation of Polyanilines 14
1.2.6 Substituted Polyanilines 15
1.2.7 Solubility of Polyanilines 17
1.2.8 Switching Properties of Polyanilines 17
1.3 Chirality 18
1.3.1 Types of Chirality 22
1.4 Chirality in Conducting Organic Polymers 24
1.5 Chiroptical Properties of Polyanilines 27

n

1.5.1 UV-Visible Spectra of Polyanilines

27

1.5.2 Circular Dichroism Spectra of Chiral Polyanilines 28
1.6 Solvatochromism and Thermochromism Studies of Polyanilines 30
1.7 Applications of Optically Active Polyanilines 31
1.7.1 Asymmetric Electrochemical Synthesis 31
1.7.2 Chiral Separations 32
1.8 Aims of the Project 33
1.9 References 36

CHAPTER 2
General Experimental 48
2.1 Introduction 48
2.2 Materials 48
2.2.1 Monomers and Sulfonated Polymers 48
2.2.2 Reagents 49
2.2.3 Solvents 49
2.2.4 Electrode Substrates 49
2.3 Synthesis of Optically Active Polyaniline and
Poly(2-methoxyaniline) Emeraldine Salts 50
2.3.1 Electrochemical Polymerization 5 0
2.3.1.1 Galvanostatic Polymerization 50
2.3.1.2 Potentiostatic Polymerization 51
2.3.1.3 Potentiodynamic Polymerization 52

iii

2.3.2 Chemical Polymerization

52

2.4 Alkaline De-doping of PAn.(+)-HCSA and POMA.(+)- HCSA
Salts to give Optically Active Emeraldine Bases 53
2.5 Chemically Prepared POMA.(+)-HCSA 53
2.6 Electrochemical Synthesis of PMAS.CHI Composite 54
2.7 Techniques used for Conducting Polymer Characterization 55
2.7.1 Cyclic Voltammetry 55
2.7.2 UV-Visible-NIR Spectroscopy 56
2.7.3 Circular Dichroism Spectroscopy (CD) 57
2.8 References 59

CHAPTER 3
Effects of Water on the Conformation of Optically Active
Polyaniline in Organic Solvents 60
3.1 Introduction 60
3.2 Experimental 64
3.2.1 Materials 64
3.2.2 Preparation of PAn.(+)-HCSA Emeraldine Salt Solutions 65
3.2.3 Spectroscopic Studies 67
3.3 Results and Discussion 67
3.3.1 Solvatochromism in Polyanilines 67
3.3.1.1 Emeraldine Base (EB) in Various Organic Solvents 67

IV

3.3.1.2 Optically Active PAn.(+)-HCSA Emeraldine
Salt in Various Organic Solvents 70
3.3.2 Formation of Emeraldine Salt in Formic Acid 75
3.3.3 Effect of Added Water on the UV-Visible
Spectrum of EB in Organic Solvents 77
3.3.4 Effect of Added Water on the Conformation of
PAn.(+)-HCSA in Organic Solvents 78
3.3.5 Influence of Changing Mixing Order for Doping Reaction 88
3.3.6 Influence of Adding Water After the Formation of
PAn.(+)-HCSA Salt in NMP 89
3.3.7 Effect of Chloroform on the Conformation of
PAn.(+)-HCSA in NMP 91
3.4 Conclusions
3.5 References

CHAPTER 4
on the
Effects of Temperature During and After Polymerization
Conformation of Optically Active Polyanilines

99

4.1 Introduction

99

4.2 Experimental

102

4.2.1 Emeraldine Salt Film Preparations

102

4.2.2 Effect of Temperature on the Electrochemical
Polymerization of POMA.(+)-HCSA

102

v

4.2.3 Thermochromism Studies

102

4.2.4 Spectroscopic Characterization 103
4.3 Results and Discussion 103
4.3.1 Thermochromism in Electrochemically
Deposited PAn.(+)-HCSA Films 103
4.3.2 Thermochromism in Electrochemically Deposited
POMA.(+)-HCSA Films 108
4.3.3 Effect of Temperature on the Polymerization of
POMA.(+)-HCSA Films 116
4.4 Conclusions H8
4.5 References 120

CHAPTER 5
Chiral Recognition using Optically Active Polyaniline
and Poly(2-methoxy aniline) 123
5.1 Introduction 123
5.2 Experimental 125
5.2.1 Preparation of Optically Active Polyaniline (PAn)
and Poly(2-methoxyaniline) (POMA) Films 125
5.2.2 Chiral Recognition Studies with Amino Acids 126
5.3 Results and Discussion 127
5.3.1 Chiral Recognition of Amino Acids by Optically Active
Polyanilines Emeraldine Base PAn (EB) Films 127

VI

5.3.2 Chiral Recognition of Amino Acids by Optically Active
Poly(2-methoxyaniline) Emeraldine Base Films 138
5.4 Conclusions 167
5.5 References 169

CHAPTER 6
Polymerization of Aniline in the Presence of
Hydroxypropyl-p-Cyclodextrin (HP-P-CD) 172
6.1 Introduction 172
6.2 Experimental 175
6.2.1 Materials 175
6.2.2 Electrochemical Polymerization of Aniline in the Presence
of Hydroxypropyl-P-Cyclodextrin (HP-P-CD) 176
6.2.3 Cyclic Voltammetric Studies of Aniline Polymerization
in the Presence of Hydroxypropyl-P-Cyclodextrin 177
6.2.4 Spectroscopic Characterization 177
6.3 Results and Discussion 177
6.3.1 Hypothesis 177
6.3.2 Electrosynthesis of PAn.HCl Films in the
Presence of HP-P-CD 179
6.3.2.1 Influence of Aniline Monomer Concentration 183
6.3.3 Electrosynthesis of PAn.(+)-HCSA Films
in the Presence of HP-P-CD 185

vn

6.3.4 Electrosynthesis of PAn.HCl Films in
the Presence of a-Cyclodextrin 189
6.3.5 Mechanism of Electropolymerization of Aniline
in the Presence of HP-p-CD 190
6.4 Conclusions 191
6.5 References 194

CHAPTER 7
Synthesis and Redox and pH Behavior of Polyaniline/Chitosan
and PMAS/Chitosan Composites 196
7.1 Introduction 196
7.2 Experimental 201
7.2.1 Materials 201
7.2.2 Chitosan Film Preparation 201
7.2.3 Chemical Synthesis of Polyaniline/Chitosan (PAn. CHI) 201
7.2.4 Electrochemical Synthesis of PAn.CHI 202
7.2.5 Chemical Synthesis of PMAS/Chitosan (PMAS.CHI) 202
7.2.6 Electrochemical Synthesis of PMAS.CHI 203
7.2.7 Spectroscopic Characterization 204
7.2.8 Chemical Oxidation and Reduction of
PAn.CHI and PMAS.CHI Solutions 204
7.3 Results and Discussion 205
7.3.1 Chemical Oxidation Route to PAn.CHI 205

vm

7.3.1.1 Alkaline De-doping of PAn.CHI

206

7.3.1.2 Redox Switching of PAn.CHI in Aqueous Solution 209
7.3.2 Electrochemical Synthesis of PAn.CHI Films 214
7.3.3 Chemical Oxidation Route to PMAS.CHI 217
7.3.4 Electrohydrodynamic Synthesis of PMAS.CHI 220
7.3.4.1 pH Behavior of Electrohydrodynamically
Generated PMAS.CHI 221
7.3.4.2 Redox Switching of Electrohydrodynamically
Generated PMAS.CHI 222

7.4

Conclusions

228

7.5 References 231

PUBLICATIONS

234

ix

LIST OF FIGURES

1. Figures
Figure 1.1. Conductivity ladder locating some metals and conducting polymers
Figure 1.2. Structure of w-cresol
Figure 1.3. Structures of substituted polyanilines
Figure 1.4. Structures of some fully sulfonated polyanilines
Figure 1.5. The pH and redox of polyaniline between various forms
Figure 1.6. Different properties of some enantiomeric chemicals
Figure 1.7. Structures of (a) chiral polypyrroles, (b) chiral polythiophenes

(where R* = chiral substituent, A" = dopant anion, n = no. of repeat units per
positive charge)

Figure 2.1. Electrochemical cell for the polymerizations
Figure 2.2. Divided three-compartment electrochemical flow-through cell
Figure 2.3 CD spectrum of aqueous 1 g/L"1 (+)-camphorsulfonic acid

Figure 3.1. Structures of (a) chiral polypyrroles, (b) chiral polythiophenes

(where R* = chiral substituent, A" = dopant anion, n = no. of repeat units per
positive charge)
Figure 3.2. Structures of organic solvents used in this study
Figure 3.3. UV-Visible spectrum of emeraldine base (ca. 3.2 x 10"4M) in NMP

x

Figure 3.4. UV-Visible spectra of E B (ca. 3.2 x 10"4 M ) dissolved in D M F ,

DMSO,DMPUandNMP

Figure 3.5. UV-Visible spectra of EB (ca. 3.2 x 10"4 M) in DMF and PAn.(+)HCSA formed after the addition of 0.1 M (+)-HCSA

Figure 3.6. UV-Visible spectra of PAn.(+)-HCSA salts formed by adding 0.1
(+)-HCSA to EB (ca. 3.2 x 10"4 M) in various organic solvents
Figure 3.7. CD spectrum of PAn.(+)-HCSA formed by adding 0.1 M (+)-HCSA
to EB (ca. 3.2 x 10"4 M) in DMSO
Figure 3.8. Mirror imaged CD spectra of PAn.(+)-HCSA and PAn.(-)-HCSA
formed by adding 0.1 M (+)- and (-)-HCSA, respectively, to EB(ca. 3.2 x
in NMP solvent
Figure 3.9. UV-Visible spectrum of PAn.HCOOH formed by dissolving EB in
formic acid
Figure 3.10. CD spectrum of PAn.(+)-HCSA prepared by adding 0.1 M
(+)-HCSA to PAn.HCOOH solution from Figure 3.9
Figure 3.11. UV-Visible spectra of EB in various NMP/water mixtures
Figure 3.12. UV-Visible spectra of PAn.(+)-HCSA in various NMP/water
mixtures
Figure 3.13. UV-Visible spectra of PAn.(+)-HCSA in various DMPU/water
mixtures
Figure 3.14. UV-Visible spectra of PAn.(+)-HCSA in various DMF/water
mixtures

xi

Figure 3.15. UV-Visible spectra of PAn.(+)-HCSA in various D M S O / w a t e r
mixtures
Figure 3.16. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
record immediately after the addition of 0.1 M (+)-HCSA
Figure 3.17. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
recorded 1 hr after the addition of 0.1 M (+J-HCSA
Figure 3.18. CD spectra of PAn.(+)-HCSA in various DMPU/water mixtures,
recorded immediately after the addition of 0.1 M (+J-HCSA
Figure 3.19. CD spectra of PAn.(+)-HCSA in various DMF/water mixtures,
recorded immediately after the addition of 0.1 M (+J-HCSA
Figure 3.20. CD spectra of PAn.(+)-HCSA in various DMSO/water mixtures,
recorded immediately after the addition of 0.1 M (+)-HCSA
Figure 3.21. CD spectra of PAn.(+)-HCSA in various HCOOH/water mixtures,
recorded immediately after the addition of 0.1 M (+)-HCSA
Figure 3.22. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
recorded 1 hr after acid doping by the second preparation method
Figure 3.23. UV-Visible spectra of PAn.(+)-HCSA formed in NMP before and
after the addition of 25 % (v/v) water
Figure 3.24. CD spectra of PAn.(+)-HCSA formed in NMP before and after the
addition of 25 % (v/v) water
Figure 3.25. UV-Visible spectra of PAn.(+)-HCSA salt in various
NMP/chloroform solvent mixtures

xii

Figure 3.26. C D spectra of PAn.(+)-HCSA salt in various NMP/chloroform
solvent mixtures

Figure 4.1. UV-Visible spectra of an electrochemically deposited PAn.(+)HCSA film at room temperature and after heating at 150° C for 10 min
Figure 4.2. CD spectra of an electrochemically deposited PAn.(+)-HCSA film
room temperature and after heating at 150° C for 10 min
Figure 4.3. UV-Visible spectra of an electrochemically deposited POMA.(+)-

HCSA film at room temperature and after heating at 80° C, 110° C, 130° C and
150° C for 10 min
Figure 4.4. CD spectrum of an electrochemically deposited POMA.(+)-HCSA

film at room temperature and after heating at 80° C, 110° C, 130° C and 150°
for 10 min
Figure 4.5. UV-Visible spectra of an electrochemically deposited POMA.(+)HCSA film heated between 150° and 240° C
Figure 4.6. CD spectra of an electrochemically deposited POMA.(+)-HCSA film
heated between 150° C and 240° C
Figure 4.7. CD spectra of an electrochemically deposited POMA.(+)-HCSA film
heated at 240° C for 10, 20, 65 and 155 min

Figure 4.8. Effect of heat treatment (RT and 150° C) on the UV-Visible spect
of electrochemically deposited POMA.(+)-HCSA and POMA.(-)-HCSA films
Figure 4.9. Effect of heat treatment (RT and 150° C) on the CD spectra of
electrochemically deposited POMA.(+)-HCSA and POMA.(-)-HCSA films
xiii

Figure 4.10. UV-Visible spectra of P O M A . ( + ) - H C S A films electrochemically
deposited at various temperatures
Figure 4.11. CD spectra of POMA.(+)-HCSA films electrochemically deposited
at various temperatures

Figure 5.1. UV-Visible spectra of PAn (EB) film obtained via the alkaline
de-doping of electrochemically deposited PAn.(+)-HCSA

Figure 5.2. CD spectra of PAn (EB) film obtained via the alkaline de-doping of
electrochemically deposited PAn.(+)-HCSA
Figure 5.3. Schematic of PAn emeraldine base as a fully planar system showing
the four monomer repeat with one quinoid and three benzenoid units
Figure 5.4. H-bonding between amine (-NH) and imine (-N=) sites on EB chains

Figure 5.5. UV-Visible spectra of an optically active PAn (EB) film before and
after treatment with 0.1 M aqueous D-leucine
Figure 5.6. CD spectra of an optically active PAn (EB) film before and after
treatment with aqueous 0.1 M L-leucine
Figure 5.7. CD spectra of an optically active PAn (EB) film before and after
treatment with aqueous 0.1 M D-leucine
Figure 5.8. CD spectra of an optically active PAn (EB) film before and after
treatment with aqueous 0.1 M L-phenylalanine

Figure 5.9. CD spectra of an optically active PAn (EB) film after treatment w
aqueous 0.1 M D-phenylalanine

xiv

Figure 5.10. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M L-valine
Figure 5.11. CD spectra of an optically active PAn (EB) film before and after
treatment with aqueous 0.1 M D-valine
Figure 5.12. CD spectra of PAn (EB) films obtained via the alkaline de-doping
of electrochemically deposited PAn.(-)-HCSA and PAn.(+)-HCSA films
Figure 5.13. CD spectra of an optically active PAn (EB) film obtained by
de-doping PAn.(-)-HCSA, before and after treatment with aqueous 0.1 M
L-leucine
Figure 5.14. CD spectra of an optically active PAn (EB) film obtained by
de-doping PAn.(-)-HCSA, before and after treatment with aqueous 0.1 M
D-leucine
Figure 5.15. UV-Visible spectrum of a POMA (EB) film obtained via the
alkaline de-doping of electrochemically deposited POMA.(+)-HCSA
Figure 5.16. CD spectrum of POMA (EB) film obtained via the alkaline
de-doping of electrochemically deposited POMA.(+)-HCSA
Figure 5.17. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M L-histidine
Figure 5.18. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M D-histidine
Figure 5.19. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M L-leucine

Figure 5.20. UV-Visible spectra of an optically active P O M A (EB)filmbefore
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M D-leucine
Figure 5.21. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M
L-phenylalanine
Figure 5.22. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M
D-phenylalanine
Figure 5.23. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M D-proline
Figure 5.24. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M L-histidine
Figure 5.25. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M D-histidine
Figure 5.26. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M L-leucine
Figure 5.27. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M D-leucine
Figure 5.28. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M L-phenylalanine
Figure 5.29. CD spectra of an optically active POMA (EB) film after treated
10, 30, 60 min and 70 hr with aqueous 0.1 M D-phenylalanine

xvi

Figure 5.30. C D spectra of an optically active P O M A (EB) film after treated for
10, 30, 60 min and 70 hr with aqueous 0.1 M D-proline
Figure 5.31. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M L-histidine, and then left standing for 3 weeks
Figure 5.32. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M D-histidine, and then left standing for 3 weeks

Figure 5.33. UV-Visible spectra of an optically active POMA ( EB) f ilm a fte
treatment with aqueous 0.1 M L-leucine, and then left standing for 3 weeks
Figure 5.34. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M D-leucine, and then left standing for 3 weeks
Figure 5.35. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M L-phenylalanine, and then left standing for 3
weeks
Figure 5.36. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M D-phenylalanine, and then left standing for 3
weeks
Figure 5.37. UV-Visible spectra of an optically active POMA (EB) film after
treatment with aqueous 0.1 M D-proline, and then left standing for 3 weeks

Figure 5.38. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M L-histidine, and then left standing for 3 weeks

Figure 5.39. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M D-histidine, and then left standing for 3 weeks

xvii

Figure 5.40. C D spectra of an optically active P O M A (EB) film after treatment
with aqueous 0.1 M L-leucine, and then left standing for 3 weeks
Figure 5.41. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M D-leucine, and then left standing for 3 weeks
Figure 5.42. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M L-phenylalanine, and then left standing for 3 weeks
Figure 5.43. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M D-phenylalanine, and then left standing for 3 weeks
Figure 5.44. CD spectra of an optically active POMA (EB) film after treatment
with aqueous 0.1 M D-proline, and then left standing for 3 weeks
Figure 5.45. Structures of amino acids employed in this study
Figure 5.46. UV-Visible spectra of the partially doped chiral POMA (EB) films
after treatment with various amino acid solutions (0.1 M), and then left standing
for 10 weeks
Figure 5.47. CD spectra of POMA (EB) films partially doped with L-histidine,
measured after 3 and 10 weeks standing in air
Figure 5.48. CD spectra of POMA (EB) films partially doped with D-histidine,
measured after 3 and 10 weeks standing in air
Figure 5.49. CD spectra of POMA (EB) films partially doped with L-leucine,
measured after 3 and 10 weeks standing in air
Figure 5.50. CD spectra of POMA (EB) films partially doped with D-leucine,
measured after 3 and 10 weeks standing in air

xviii

Figure 5.51. C D

spectra of P O M A

(EB) films partially doped with

L-phenylalanine, measured after 3 and 10 weeks standing in air
Figure 5.52. CD spectra of POMA (EB) films partially doped with
D-phenylalanine, measured after 3 and 10 weeks standing in air
Figure 5.53. CD spectra of POMA (EB) films partially doped with
D-proline, measured after 3 and 10 weeks standing in air
Figure 5.54. Types of reversibly bound water in PAn (EB)

Figure 6.1. Structures of cyclodextrins

Figure 6.2. Molecular model of P-cyclodextrin: (a) top view, (b) bottom view,

(c) side view (white, red and blue balls represent carbon, oxygen and hydrog
atoms, respectively) and (d) topology
Figure 6.3 a. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically

grown with no HP-P-CD present (scan rate of 50 mV/s, potential range - 0.2 to

1.0 V)
Figure 6.3b-f. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
grown when [HP-P-CD] = (b) 0.002 M, (c) 0.02 M, (d) 0.03 M, (e) 0.04 M and
(f) 0.05 M (scan rate/potential range the same as for Figure 6.3a)
Figure 6.4. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the presence of HP-P-CD, when [HP-P-CD] = (a) 0.00 M, (b) 0.002

M, (c) 0.02 M, (d) 0.03 M, (e) 0.04 M, (f) 0.05 M and (g) 0.07 M (scan rate 5
mV/s, potential range - 0.2 to 1.0 V)

xix

Figure 6.5. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the absence of HP-P-CD with varying concentrations of aniline
monomer, when [aniline] = (a) 0.02 M, (b) 0.05 M, (c) 0.10 M and (d) 0.40 M

Figure 6.6. UV-Visible-NIR spectra of PAn.HCl potentiodynamically deposited
in the presence of 0.012 M HP-P-CD with varying [aniline]
Figure 6.7. UV-Visible-NIR spectra for PAn.(+)-HCSA films potentiodynamically deposited in the presence of varying [HP-P-CD]
Figure 6.8. Cyclic voltammograms during the potentiodynamic growth of
PAn.(+)-HCSA in the presence of aqueous 0.05 M HP-P-CD on an ITO-coated

glass electrode, using a scan rate of 50 mV s"1 for 15 scans ([aniline] = 0
[HCSA] = 1.0M)
Figure 6.9. UV-Visible-NIR spectra of PAn.(+)-HCSA films potentiodynamically deposited in the presence of varying concentrations of HP-P-CD

Figure 6.10. CD spectra of PAn.(+)-HCSA films potentiodynamically deposited
in the presence of varying concentrations of HP-P-CD
Figure 6.11. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the presence of varying concentrations of a-cyclodextrin

Figure 7.1. Structure of chitin, chitosan and cellulose
Figure 7.2. Proposed structure of copolymer of polyaniline and chitosan
Figure 7.3. Three-compartment electrochemical flow-through cell

Figure 7.4. UV-Visible spectra of a PAn.CHI solution before and after addit

of0.1MNH4OH
xx

Figure 7.5. UV-Visible spectra of a PAn.CHI solution during titration with
NH4OH
Figure 7.6. UV-Visible spectral changes during the reaction of PAn.CHI with
0.1 M hydrazine hydrate
Figure 7.7. UV-Visible spectral changes of an aqueous solution of PAn.CHI
upon treatment with 0.1 M (NH4)2S208
Figure 7.8. UV-Visible spectral changes of a PAn.CHI solution (pH 0.5) upon
addition of 0.1 M (NH^SzOg
Figure 7.9. Cyclic voltammograms obtained during the potentiodynamic growth
of PAn.CHI on an ITO-coated glass electrode from a mixed aqueous 0.2 M
aniline/1.0 M HC1 and a 2 % w/w chitosan solution in 2 % v/v CH3COOH , using
a scan rate of 100 mV s"1 for 15 scans

Figure 7.10. UV-Visible spectrum of the PAn.CHI film synthesized as in Figur
7.9
Figure 7.11. UV-Visible spectrum of PMAS.CHI solution prepared by oxidation
of MAS monomer with 0.12 M S2082" in the presence of 0.2 % w/v chitosan
Figure 7.12. CD spectrum of chemically prepared PMAS.CHI solution from
Figure 7.11

Figure 7.13. UV-Visible spectra of the PMAS.CHI solution obtained during the
electrohydrodynamic polymerization of MAS (0.25 M) in the presence of
chitosan (0.2 %, w/v)

xxi

Figure 7.14. UV-Visible spectra of an electrohydrodynamically generated
PMAS.CHI solution (a 2.5 hr sample from Figure 7.13) during titration with
NH4OH
Figure 7.15. UV-Visible spectra during the reduction of an
electrohydrodynamically generated PMAS.CHI solution with 0.1 M hydrazine
hydrate

Figure 7.16. UV-Visible spectral changes during the re-oxidation in 2.0 M HC1
of the reduced form of PMAS.CHI (the 410 nm species from Figure 7.15)
Figure 7.17. UV-Visible spectral changes during the oxidation of an
electrohydrodynamically generated from solution of PMAS.CHI with 0.1 M
(NH4)2S208 in base (pH 10.5)

2. Schemes
Scheme 1.1. Interconversions between different forms of polyaniline
Scheme 1.2. Mechanism of the electrochemical polymerization of aniline
Scheme 1.3. Chemical polymerization of aniline
Scheme 1.4. Doping of polyaniline

Scheme 3.1. Assignment of electronic absorption bands of PAn.HA salts by
MacDiarmid

Scheme 3.2. H-bonding of water molecules to amine (-NH) and imine (-N=) sites
on EB chains
Scheme 3.3. Trans-transoid and cis-cisoid conformations of polyaniline

xxii

S c h e m e 6.1. Resonance forms of the aniline radical cation
Scheme 6.2. Formation of an inclusion complex of aniline with P-cyclodextrin

Scheme 7.1. Redox and pH switching of Polyaniline
Scheme 7.2. Preferential formation of a one-handed helix for PMAS via
attachment to chitosan in a PMAS.CHI composite
Scheme 7.3. Redox and pH switching of PMAS.CHI

3. Tables
Table 3.1. Mixing methods of emeraldine base in water/organic solvent mixtures
Table 3.2. C omparison of the exciton ^max values for EB in different organic
solvents ([EB] ca. 3.2 x 10"4M in each case)
Table 3.3. Comparison of ^max for the high wavelength polaron band of PAn.(+)HCSA formed in different organic solvents

Table 5.1. Red shifts (A) of the original POMA (EB) exciton band upon 70 hr
treatment with 0.10 M aqueous amino acids, followed by standing for 3 weeks
Table 5.2. Changes in ^max for the exciton band of the chiral POMA/amino acid
films on long standing

Table 7.1. The color and pH of a PAn.CHI solution during titration with NH4OH

xxiii

LIST OF ABBREVIATIONS

micro

As

difference in the molar extinction coefficients

°C

degree Celsius

a-CD

alpha-cyclodextrin

y-CD

gamma-cyclodextrin

A

ampere

A

Angstrom

A

anion

Abs

absorbance

Ag/AgCl

silver/silver chloride reference electrode

CD

circular dichroism

CEP

conducting electroactive polymer

CHI

chitosan

cm

centimeter

CV

cyclic voltammetry

D

Dalton

DMF

N , N dimethylformamide

DMPU

dimethylpropylene urea

DMSO

dimethylsulfoxide

E

potential

EB

emeraldine base

ES

emeraldine salt

g

gram

HCOOH

formic acid

HCSA

camphorsulfonic acid

HDBSA

dodecyl benzenesulfonic

HP-P-CD

hydroxypropyl- p-cyclodextrin

HPLC

high performance liquid chromatography

hr

hour

I

current

ITO

Indium-tin oxide

K

Kelvin

LB

leucoemeraldine base

M

molar

mA

milliampere(s)

MAS

2-methoxyaniline-5-sulfonic acid (monc

mdeg

millidegree

min

minute

mV

millivolt

n

number of electron

NMP

1 -methyl-2-pyrrolidinone

PAn

polyaniline

PB

pernigraniline base
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Q charge
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ABSTRACT

The recent discovery of chiral polyanilines has opened up the possibility of th

use as novel materials for the separation of enantiomeric chemicals or as chira
electrodes in electrochemical asymmetric synthesis. This thesis describes the

synthesis and stereochemical characterization of several such chiral polyaniline

It focuses on three polymers, namely the parent un-substituted polyaniline (PAn),
poly(2-methoxyaniline) (POMA) and poly(2-methoxyaniline-5-sulfonic acid)
(PMAS). Circular dichroism (CD) and UV-Visible-near infrared spectral studies
are extensively employed to establish the chiroptical properties of these
polymers.

The thesis addresses a number of important fundamental questions that need to
be answered in order for these chiral polyanilines to be employed in the
preparation of enantiomeric chemicals. The approaches employed and the results
achieved are summarized below.

Chapter 2 summarized the general experimental techniques employed, although
later Chapters also detail more specific experimental aspects.

Chapter 3 examines the influence of the solvent (solvatochromism) on the
chiroptical properties and conformation of optically active PAn.(+)-HCSA

emeraldine salts. It was shown that the presence of 2.5 to 10.0 % (v/v) water in
xxvii

an emeraldine base (EB) solution in N M P solvent before doping with (+)-HCSA
leads to PAn.(+)-HCSA with the inverse CD spectrum to that formed in pure
NMP solvent. A similar remarkable inversion of polymer configuration by a
small amount of water co-solvent was observed for PAn.(+)-HCSA salts formed
by doping EB in DMPU and DMF solvents, but not in DMSO and HCOOH. In

contrast, the addition of water to PAn.(+)-HCSA solution after their formation
organic solvents had little effect on their conformation.

When25 to 50 % v/v of water was present in solutions of EB in eachofthe
solvents, NMP, DMPU, DMF, DMSO and HCOOH before doping, optically
inactive P An.(+)-HCSA s alt w as o btained. This may b e due t o the h igh w

content causing a change in the EB structure from a helical cis-cisoid to a f
trans-transoid conformation. These chiroptical results in mixed water/organic

solvents throw new light on the origin of optical activity in PAn.(+)-HCSA sal

They suggest that chiral supramolecular aggregates are not necessary for opti
activity to be observed.

The influence of temperature (thermochromism) on the chiroptical properties a
conformations of PAn.(+)-HCSA and POMA.(+)-HCSA emeraldine salt films is
explored in Chapter 4. The electrochemically deposited PAn.(+)-HCSA and
POMA.(+)-HCSA salts employed were shown to have different conformations

for their polyaniline chains, assigned as "partial extended coil" and "compact
coil" respectively. The PAn.(+)-HCSA salt may be transformed from its initial

xxviii

"extended coil" to a "compact coil" conformation by heating the film to 140 °C

for 10 min. The rate of cooling the PAn.(+)-HCSA film down {rapidly or slowl

from the heating temperature of 140 ° C did not influence the final chiropti
properties.

No change in conformation occurred upon heating a POMA.(+)-HCSA film to
140 ° C. However, heating to temperatures higher than 200° C for 10 min

resulted in thermal de-doping to form optically active POMA emeraldine base.
This POMA (EB) film almost completely racemized when heated at a
temperature of 240° C for 65 min.

Chapter 5 compares the ability of the parent PAn.(+)-HCSA and the ringsubstituted POMA.(+)-HCSA emeraldine salts to react with and discriminate

between enantiomeric forms of selected amino acids. POMA.(EB) films could be
made by the alkaline de-doping (1.0 M NH4OH) of electrochemically deposited,
optically active POMA.(+)-HCSA films. However, CD spectral study showed

that these POMA (EB) films were largely racemic (As/s ca. 0.02 %). UV-Visibl

and CD spectral studies showed that these films underwent slow (70 hr) parti
doping when placed in 0.10 M aqueous solutions of a range of amino acids.

Upon removal from the amino acid solutions and standing for 3 weeks, the fil

developed very intense CD spectra (As/e ca. 1.0 %). Mirror imaged CD spectra

were observed for POMA (EB) films treated with enantiomeric amino acids such
xxix

as D- and L-phenylalanine. This indicated strong chiral induction by the
enantiomeric amino acids on the POMA (EB) chains caused by specific
interactions such as H-bonding. These partially doped POMA (EB) films

underwent a remarkable approximate inversion in their CD spectra after standin

for a further 7 weeks. This was believed to arise from structural changes cause
by the gradual loss of water molecules originally H-bonded to the emeraldine
base chains.

Chapters 6 and 7 explore two potential new routes to chiral polyanilines. In
Chapter 6, the ability to electropolymerize aniline in acid (HA = HC1 or
(+)-HCSA) in the presence of aqueous hydroxypropyl-P-cyclodextrin (HP-P-CD)

was investigated, as well as the influence on the conformation/structure of the
emeraldine salt (PAn.HA) products. It was hypothesized that inclusion of the
aniline monomer in the HP-P-CD cavity may hinder ortho- or raeta-couplingl,

which leads to undesirable branching in polyaniline products. Surprisingly, th

the polymerization of aniline was found to be completely halted by the presence
of HP-p-CD at concentrations > 0.04 M.

The UV-Visible-NIR and CD spectral studies shown that the conformation of
PAn.HCl and PAn.(+)-HCSA films grown with [HP-P-CD] < 0.04 M were

similar to those grown in the absence of the cyclodextrin. It was also found th
the presence of up to 0.08 M a-cyclodextrin did not hinder the potentiodynamic

deposition of PAn.HCl films. This is probably due to the smaller cavity opening

xxx

for ct-cyclodextrin compared to HP-p-CD, hindering the formation of a hostguest complex with aniline.

Finally, in Chapter 7 the synthesis of composites between the chiral biopolymer
chitosan and PAn or PMAS was studied as a possible new route to chiral

polyanilines. The chemical or electrochemical polymerization of aqueous aniline
and 2-methoxyaniline-5-sulfonic acid (MAS) monomer in the presence of ca. 1%
(w/v) chitosan and ca. 1 % acetic acid (v/v) successfully gave water soluble or
dispersible PAn.CHI and PMAS.CHI composites. The observation of CD
spectral bands for the chemically generated PMAS.CHI solution indicated that

the chiral chitosan in the composite had induced chirality into the polymer cha
of PMAS. This may result from the PMAS chains partially following the one-

handed helical structure of the chitosan, due to acid-base interactions between
PMAS sulfonate groups and the amine groups on the chitosan. The PAn.CHI and
PMAS.CHI composites showed both similarities and differences in their pH and
redox switching properties compared to those observed previously for
unsubstituted parent polyaniline and PMAS(NH4+), respectively.
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Chapter 1: General Introduction

CHAPTER 1
General Introduction

1.1 Conducting Polymers
The evolution of electrically conducting organic polymers began in 1977, with
the discovery by Shirakawa, MacDiarmid and Heeger [1] that the partial
oxidation (doping) of polyacetylene with iodine gave a highly conducting
material. Two years later, conducting polypyrrole film was first synthesized by
Diaz et al. [2] with a conductivity as high as 100 S/cm. Although the

conductivity was significantly lower than that of polyacetylene, the polypyrrole

film was thermally and environmentally stable. Later, Diaz et al. [3] found that
conducting polyaniline films could also synthesized using electrochemical
polymerization route.

In 1980 another linear conjugated organic polymer, polythiophene, was also
prepared shown to able to be doped to give metallic properties [4, 5]. Although
polyacetylene is the most characterized and conductive conducting polymer

(Figure 1.1), its poor environmental stability has limited its commercial potent
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Conductivity (S/cm)
Copper
10 6 metal
Polyacetylene doped with ASF3
105
Polyacetylene doped with I2
104

Liquid mercury

3
Poly10(p-phenylene)
doped with ASF3

Poly10(pyrrole)
doped with I2
2
10
Polyaniline
(emeraldine salt)

Figure 1.1. Conductivity ladder locating some metals and conducting polymers

These discoveries gave rise to a surge of activity directed towards the
exploration, synthesis and characterization of the members of this new class of
material. Numerous conducting organic polymers have been prepared and
studied, due to their potential in a wide range of applications such as
electrochromic devices [6-10], rechargeable batteries [11], sensors [12],
electromagnetic radiation shielding [13], electrochemical actuators [14], anticorrosion agents [15], electrochromatography [16] and membrane separations
[17, 18].

1.2 Polyaniline
Polyaniline was first known in 1835 as "aniline black", a term used for any

product obtained by the oxidation of aniline. A few years later, Fritzche [19, 20
carried out the tentative analysis of the products obtained from the chemical

2

Chapter 1: General Introduction

oxidation of this aromatic amine. However, the modern chemistry of polyaniline

began in 1980 with the discovery of a route to electrically conducting films [5]

D u e to its high environmental stability, facile redox and p H switching between

differently colored states, relatively high conductivity and low cost, polyanil
is considered as one of the most promising organic conducting polymers for
future commercialization. Unlike most conducting polymers, polyaniline exists
in a variety of protonation and oxidation forms [21]. Scheme 1.1 shows the
reversible interconversions between the different polyaniline forms and their
different colors.

—// \S— N —/\ \— N - \=/
H \L_y H
2n
+2e"
+2H+

Leucoemeraldine Base
Pale-yellow

-2e"
-2H +

N

N

-OKOK-O O -

Emeraldine Base
Blue

Jn

+2e'
-2H+

N= =N

--0" 0 "

"0-K>H-

Emeraldine Salt
Green

2n

Pernigraniline Base
Purple
+OH

— ( I y — N ~ 4 //"M"
•^ H
—J H

2n

Pernigraniline Salt
Deep Blue

S c h e m e 1.1. Interconversions between different forms of polyaniline
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The most important form of polyaniline, protonated emeraldine salt (PAn.HA), is
produced by the oxidative polymerization of aniline in aqueous acids (HA). It is
electrically conducting (conductivity o=10" -10S cm" ), due to the presence of

cation radicals in its structure. The positive charge on aniline units is balance
negatively charged counterions.

Polyanilines are most commonly prepared by the oxidation of aniline with an
appropriate c hemical oxidant o r b y e lectrochemical p olymerization o n a n i
electrode substrate. A recent study by Norris et al. [22] on the conformation of
polyaniline generated by these two different polymerization methods indicated
that the two routes give different polyaniline structures. This was suggested
earlier by Genies et al. [23] and Lux [24]. For the electrochemical oxidation of

aniline, the mechanism would be related to radicals adsorbed at the surface of th
electrode, whereas chemical oxidation of aniline would involve radicals
distributed in solution. Therefore, electrochemical oxidation might allow
different coupling reactions between the monomer, the intermediate products and
the resulting aniline oligomers and polymers.

A range of polymerization techniques have now been developed, including:
(i) electrochemical polymerization,
(ii) chemical polymerization,
(iii) photochemically-initiated polymerization,
(iv) enzyme-catalysed polymerization and
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(v)

polymerization employing electron acceptors.

1.2.1 Electrochemical Polymerization
Electrochemical polymerization i s c arried out in an acidic aqueous s olution o
aniline. This low pH is required to solubilize the monomer and to generate the
emeraldine salt as the only conducting form of polyaniline [23]. A wide range of
working electrodes have been employed, including platinum [25], indium-tinoxide (ITO) coated glass [26, 27] and reticulated vitreous carbon [28] for the

deposition of polyaniline. Constant potential (potentiostatic) or potentiodynami
techniques are generally employed because the overoxidation potential for
polyaniline is very close to that required for monomer oxidation. The appearance
of defects due to overoxidation of the polyaniline have been proposed. These
maybe the result of crosslinking [29], while others suggest the spitting of the
polymer chains after the formation of a paraquinone [30].

It is generally accepted that the potential cycling method leads to a more
homogenous product, as verified by scanning electron micrograph investigations
[31]. The sweep rates most commonly used are between 10 and 100 mVs" .

The generally accepted mechanism for the electropolymerization of aniline is an
E(CE)n process, as shown in Scheme 1.2 [32-35]. The polymerization is initiated
by an electrochemical (E) process and is propagated by the repetition of a
chemical (C) process followed by an electrochemical (E) process. Formation of
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the radical cation of aniline by oxidation on the electrode surface (step 1) is
considered to be the rate-determining step. The aniline radical cation has three
different resonance forms (Scheme 1.2). The resonance forms with the radical on
the N- or /?ara-positions are believe to be most likely to react in a coupling
reaction (step 2) to give a dimmer, by eliminating two protons. The dimmer
formed undergoes rearomatization to its neutral state, anilinium, the radical

cations in the ortho- position are less likely to participate in the polymerizatio
reaction due to electrostatic repulsion of the adjacent positively charged amine
group.

Chain propagation (step 3) requires the oxidation of the oligomers to form a

radical cation. At the potential to oxidize aniline, the oligomer is also oxidized

form its radical cation, This is delocalised over the aniline at the end of the ch
and thus can react with an aniline radical cation in the para-resonance structure
to increase the chain length. The polymer is formed in the PAN.HA conducting
PAn.HA emeraldine salt form due to that arises from the simultaneous doping of
the polymer by protonation (step 4) during chain propagation.

The growth of polyaniline has been found to be self-catalyzing [35, 36], where
the rate of polymer formation increases as more polymer is deposited. A
mechanism for this has been proposed, involving adsorption of the anilinium ion
onto the most oxidized form of polyaniline, followed by electron transfer to form
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the radical cation and subsequent reoxidation of the polymer to its most oxidized
state [36].

Step 1. Oxidation of m o n o m e r
+

w

^

rw-^
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Step 2. Radical coupling and rearomatization
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\=/
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H2

==

A

-HA

y

OK>*
Step 3. Chain propagation
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Step 4. Oxidation and doping of the polymer

•+OtrQirt ^r+0-5-0-^
Scheme 1.2. Mechanism of the electrochemical polymerization of aniline

1.2.2 Chemical Polymerization

Chemical polymerization is normally carried out in an acidic aqueous solution

(e.g. HC1) [37, 38] of aniline monomer and oxidant. A slight excess of anilin

usually used, since an equivalent or excess amount of oxidant results in fast

hydrolysis of the product [39]. The properties of polyaniline, such as elect
conductivity, morphology and molecular weight, are sensitive to the
polymerizing conditions employed. Chemical polymerizations of aniline were

initially performed at room temperature. However, recent studies showed that

PAn obtained was of relatively low molecular weight and contained significant

defect sites such as undesirable branching due to ort/zocoupling [40, 41]. Th

use of low polymerization temperatures (e.g. 0° - 4° C) yields higher molecul
weight polyaniline products [42-48].

Oxidizing agents employed include potassium dichromate [39, 49], hydrogen
peroxide, eerie nitrate and eerie sulfate [28, 50]. However, the most widely
employed chemical oxidant is aqueous ammonium persulfate, (NH4)2S20g

[39, 49, 51, 52]. This leads to the incorporation of HS047S042" a s the dopant
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anion (A") in the P A n . H A product. Acidic conditions (pH < 3) are usually
required to assist the solubilization of the aniline in water and to decrease
formation of undersired branched products [53]. A (NH4)2S208/aniline molar

ratio of < 1.2 is usually employed. The optimal oxidizing conditions for anili
with a mmonium p ersulfate h ave b een r eported i n t he 1 iterature w ith r
molecular weight, conductivity and reaction yield [53-55].

The mechanism of chemical oxidation was proposed by Genies et al. [23] and

was later confirmed by other researchers [21, 56-58]. The reaction is believed

proceed in four steps (Scheme 1.3). The initial step is again the formation of

radical cation of aniline. The anilinium cation radicals with the radical on t

N- and para-positions participate in a subsequent rearomatization of the dica
ofp-aminodiphenylamine (PADPA). It is then oxidized to the diradical dication
(step 2). Although head-to-tail (i.e. N-para) coupling is predominant, some
coupling in the ortho-position also occurs, leading to defects in conjugation

the product [51, 59]. In the third step the diradical dication couples with th

monomelic radical cation of aniline, forming a trimer. The chain then propagat
further via coupling of shorter polymer fragment-radicals with the anilinium

radical cation. The resultant polymer is a deep blue pernigraniline salt. Whe

oxidant is consumed, the remaining aniline reduces the pernigraniline to form
final product, the green PAn.HA emeraldine salt which precipitates (step 4).
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Step 1. Oxidation of m o n o m e r
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Step 4. Reduction of Pernigraniline Salt to Emeraldine Salt

-O-KH-• O-*
AJ

n

T

+

-OKK- O*
A" J n

Scheme 1.3. Chemical polymerization of aniline

1.2.3 Polymerization by other Methods

Kobayashi et al. [60, 61] have recently reported the photochemically-initiate

polymerization of aniline by irradiation with visible light of bilayer or si

layer films containing [Ru(bipy)3]2+ (as initiator) and methylviologen (MV2+) a
sacrificial oxidant [62, 63]. These studies mainly focused on the deposition
PAn on bilayer or single layer electrodes for image formation and use in
molecular electronics rather than bulk PAn synthesis.

Other methods have also been considerable recent interest, such as enzymecatalyzed polymerization [64-67] as well as polymerization using electron

acceptors [68]. This thesis, however, will employ chemical and electrochemica
polymerization.
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1.2.4 Doping in Conducting Polyaniline
Polyaniline is unique among conducting organic polymers in having two
methods for becoming conducting [3, 69, 70]. These two reversible doping
processes are: protonic acid doping of emeraldine base and oxidative p-type
doping of leucoemeraldine, respectively.

The only conductive form of polyaniline that is conducting is of the PAn.HA

emeraldine salt, which has an equal number of amine and imine sites. Protonic

doping of emeraldine base (EB), results in the complete protonation of the im
nitrogen atoms to give the fully protonated emeraldine salt (PAn.HA)
(Scheme 1.4). The conducting emeraldine salt can also be obtained by the
electrochemical or chemical oxidation (p-type doping) of the fully reduced
leucoemeraldine [71]. The relationship between protonic acid doping and
oxidative (p-type) doping of the different forms of polyaniline to give the
conducting PAn.HA emeraldine salt is shown in Scheme 1.4.

12

Chapter 1: General Introduction

Emeraldine Base
rj=l(r10uS/cm

-ON-£>N<^ON"

Leucoemeraldine Base
a=10- 10 S/cm

~©-H-©-N-0|r©t-

Protonic acid doping

Emeraldine Salt
a =1-5 S/cm

Oxidative doping

--Q-jj-O-H-O-fj-O-R

2A

--©-a-©f-©-[K>&-2A"
S c h e m e 1.4. Doping of polyaniline

The electrical conductivity (a) of polyaniline is dependent upon the temperature
[72] as well as humidity and hence polymer water content [73, 74]. The

attachment of functional groups to the aniline rings decreases the conductivity,
whereas the formation of co-polymers between aniline and functionalized aniline
results in polymers with intermediate conductivity. In addition, the preparation
conditions [55, 75, 76] effect the formation of structural defects [77] and the
polymer morphology [78, 79], and therefore the conductivity. It has also been

reported that the conductivity of PAn is dependent on the solvent it is cast fro
or exposed to (see below).
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1.2.5 Factors Controlling the Conformation of Polyanilines
There has been much recent interest in increasing the order and therefore the
conducting properties of conducting polyaniline salts via post-polymerization

treatment with an appropriate "secondary dopant". For example, m-cresol (Figure
1.2) strongly influences the properties of the emeraldine salt PAn.(+)-HCSA
obtained by doping emeraldine base (EB) with racemic (+)- 10-camphorsulfonic
acid [80-82]. Emeraldine salt films cast from such doping reactions in DMSO,
DMF, Af-methylpyrrolidinone (NMP) and chloroform solvents are believed to
possess a "compact coil" conformation for their polyaniline chains [82, 83].
These emeraldine salts exhibit a characteristic localized polaron band at ca.

nm in their UV-Visible spectra and show relatively low electrical conductiviti

(0.1-1 S/cm). In contrast, emeraldine salts cast from similarly doped solutions
m-cresol solvent have been assigned an "extended coil" conformation because of

their much higher electrical conductivities (150 - 200 S/cm) and very different

absorption spectra [82, 83]. This includes the replacement of the high wavelen

{ca. 800 nm) polaron band by an intense, broad free-carrier tail absorption in
near infrared (1000 - 2500 nm).

Ikkala et al. [84, 85] suggest that the effects associated with m-cresol arise
combination of interactions between the m-cresol, HCSA and the polyaniline
chains. These involve H-bonding between the phenolic OH group of the
m-cresol and the carbonyl group of the HCSA and ^-stacking of phenyl rings in
the secondary dopant and the polyaniline chains.
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Me

Figure 1.2. Structure of m-cresol

1.2.6 Substituted Polyanilines
Alky I andAlhoxy Substituted Polyanilines
Substitution of a hydrogen atom in aniline either at a N- or ring position by
alkyl or alkoxy group (Figure 1.3) leads to changes in the properties of the
polyaniline.

R

R

LYH ,

H
•N-h

R

R n

/ VJ

I
N—
. n

V/

Figure 1.3. Structures of substituted polyanilines

Such substitution causes improved solubility in organic solvents for the
substituted emeraldine salts compared to the parent (unsubstituted) PAn.HA
Such polymers include the poly(2-methoxyaniline) (POMA) species, which will

be one of the polyanilines examined in this thesis. The substituted polyanilin

products often have much lower molecular weights than the parent, unsubstitute
PAn. However, Mw values > 104 Daltons have been reported for POMA by
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controlled polymerization at -40° C [86, 87]. This improvement in processability
for substituted polyanilines usually results in a large decrease in electrical

conductivity, due to twisting of the polymer chains from planarity by the bulky
substituents.

Sulfonic Acid Substituted Polyanilines

Sulfonated polyanilines (SPANs), shown in Figure 1.4 (a), are a different clas

polyanilines. The presence of the sulfonic acid groups on the rings results in

doping of the polymers and solubility in water. One such sulfonated polymer is
poly(2-methoxyaniline-5-sulfonic acid) (PMAS) (Figure 1.5 b), which will be
studied as part of this thesis. It may be prepared by the oxidation of
2-methoxyaniline-5-sulfonic acid (MAS) monomer with aqueous (NH4)2S208 in
the presence of ammonia or pyridine (to assist dissolution of the substituted
monomer) [88].

MeO

MeO

(a) SPAN (b) PMAS

Figure 1.4. Structures of some fully sulfonated polyanilines
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1.2.7 Solubility of Polyanilines
Parent polyaniline is insoluble inmost common organic and aqueous solvents.

The synthesis of soluble polyanilines is of great interest because of their p

applications, including the possibility of producing stable free-standing film

fibers of polyaniline. The first report on the solubility of polyaniline was i

when Green et al. [89] reported that it was s oluble in 8 0 % acetic acid, 60 %

formic acid, pyridine and concentrated sulphuric acid. In 1979, Angelopoulos et

al. [73, 90] reported partial solubility of polyaniline (emeraldine base form
NMP, DMF, THF, benzene and chloroform. Later reports by Heeger et al. [91]
and Smith et al. [92] showed that by doping emeraldine base with "surfactantlike" acids (HA) such as camphorsulfonic acid (HCSA) and dodecyl
benzenesulfonic acid (HDBSA) the emeraldine salt PAn.HA products were
soluble in m-cresol, NMP, DMSO and xylene.

1.2.8 Switching Properties of Polyaniline
Polyaniline is the only conducting organic polymer existing in three different

oxidation states, as shown in Figure 1.5 [93]. It is also unusual because it c
switched between base and salt forms by the addition of acids or bases.

Therefore, its chemical properties are varied and can be controlled by applica
of a potential and/or by changing the pH.
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protonation
H

H+A"(pH<l) /=\ lji+A-/=

polyleucoemeraldine base
(insulator)
V oxidation
^ U - l + C " (pH 1 to4)

polyleucoemeraldine salt
(insulator)
oxidation
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#
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protonation
H+C" (pH < 0)

polypemigraniline base
(insulator)

polypemigraniline salt
(insulator)

Figure 1.5. The p H and redox of polyaniline between various forms

Addition of acid ( H A ) to emeraldine base (EB) gives the corresponding

emeraldine salt. A color change from blue to green accompanies this transition.
Color changes are also observed between the purple non-conducting base forms

of pernigraniline (fully oxidized), blue emeraldine base (intermediate oxidatio

state), and yellow leucoemeraldine (fully reduced) in polyaniline. This has led
an interest in using polyaniline for display devices and for redox and pH
indicators.

1.3 Chirality
A chiral molecule is one that is not superimposable on its mirror image. These
two mirror image forms of a chiral molecule are termed enantiomers. Louis
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Pasteur w a s the first to realize that the chemistry of life has a preferred
handedness, and inferred that nature is asymmetric [94, 95]. It is now well
established that many molecules in nature possess chirality, including amino
acids, carbohydrates, hormones, proteins and nucleic acids [96]. A high
proportion of chemicals important to the pharmaceutical and agricultural
industries are also chiral.

Enantiomeric compounds have identical properties in relation to their interactio
with non-chiral reagents. Their physical properties including melting point,
boiling point, solubility and partition coefficient in different phases are all
identical. However, they can be distinguished from each other by observation
that the two separate enantiomers rotate the plane of polarization of planepolarized light in opposite directions. Using monochromatic light from the
sodium D-line, the enantiomer causing a right-handed (clockwise) rotation is

called the (+)-isomer, while that causing a left-handed (anticlockwise) rotation
called the (-)- isomer. This phenomenon is called optical activity.

The most sensitive method for measuring the optical activity of chiral molecules
is circular dichroism (CD). This measures the difference (As) in the molar

extinction coefficients for left and right circularly polarized light passing th
a s ample o f t he c ompound (Equation 1.1). This t echnique w ill b e u sed i n
thesis to determine the chiroptical properties of chiral polyanilines.
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A8

=

8L

- 8R

(1.1)

The importance of chirality comes into play in everyday life, as most

pharmaceuticals contain at least one chiral center. While in the past this did n
appear relevant to the effect of the drug, mistakes have taught us differently.
One of the most tragic mistakes was the use of thalidomide (Figure 1.6 a) as a
racemic mixture, which was used as a sedative for pregnant women in the late
1950's. What was not realized then, was that while the (+)-isomer had the

desired effect, the (-)-enantiomer was found to lead to serious birth defects [
In cases such as this, chirality is therefore of major importance. One of the
reasons for interest in chiral conducting polymers, such as polyanilines, is

because of their potential as chiral electrodes in asymmetric synthesis of drug
as novel materials for the separation of enantiomeric drugs (see Section 1.4
below).
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Figure 1.6. Different properties of some enantiomeric chemicals

Discrimination by biological systems between the two enantiomeric forms of

chemicals is also important for odor and taste perception with food, perfume
pheromones [98]. For example, one enantiomer of the amino acid asparagine
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tastes sweet, while the other tastes bitter [99]. Similarly, with the chiral
compound limonene, one enantiomer smells of lemons while the other smells of

oranges [100]. When using chiral pesticides for crop protection, it has been noted

that one enantiomer may act as a repellent and the other as an attractant, with th
result that a racemic mixture is inactive as pesticide (Figure 1.6) [100].

1.3.1 Types of Chirality
Central Chirality
When a tetrahedral atom is attached to four different groups such as in a-amino
acids and glyceraldehydes, central chirality results. The two enantiomers of
enantiomers of glyceraldehydes are shown below.

CHO

H

**"
\#>'

OHC

.C

I

C,
'OH

HO'

r**%,

o

CH2OH
(+)-glyceraldehyde

(-)-glyceraldehyde
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Planar Chirality
Planar chirality results from the disappearance of a plane of symmetry through
one or more modification of the molecules. For example, tricarbonyl
(1,2-disubstituted arene) chromium complexes have planar chirality and can be
resolved into their individual enantiomers.

—

•9-*

X

Cr(CO) 3

Cr(CO)3

X
(CO) 3 Cr

Axial Chirality

Axial chirality results from a chiral distribution of substituents around an ax
Examples include restricted rotation about single bonds caused by bulky
substituents X and Y on biphenyl derivatives.

X

x

o- disubstituted biphenyls
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Helical Chirality
Molecules that are helices can be right- or left-handed and are therefore non-

superimposable on their mirror image. A spiral molecule is a geometric structural
property by which the arrangement of atoms in molecules can be described as a
combined rotation and transition process [101]. DNA and proteins are classic
example of this type of chirality in nature, which may also occur for synthetic
polymers such as conducting organic polymers.

\

z^>

\
\

:r>

zz>
\
>

s
cylindrical helices

1.4 Chirality in Conducting Organic Polymers
Chiral polymers are being used extensively in chiral recognition studies and as
materials for the separation of enantiomeric chemicals [102]. Producing chiral
conducting polymers would add a new dimension and capability to the sensing,
asymmetric synthesis and separation of chiral molecules.
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The early studies on chiral conducting polymers largely concentrated on
polypyrroles and polythiophenes [103] (see Figure 1.7). These were made chiral

by the covalent attachment of chiral substituents on the heterocyclic rings, whi
was believed to induce a one-handed helical structure on the polymer chains.
However, more recent studies [104-107] suggest that for chiral substituted
polythiophenes the source of the observed optical activity is the formation of
supramolecular chiral aggregates rather than one-handed helical polymer chains.

(a)

(b)

Figure 1.7. Structures of (a) chiral polypyrroles, (b) chiral polythiophenes
(where R* = chiral substituent, A' = dopant anion, n = no. of repeat units per
positive charge)

A number of potential applications for such chiral conducting polymers have
been suggested, such as enantioselective electrochemical sensors [108, 109],
chiral electrodes for electrochemical asymmetric synthesis [110, 111], chiral
membrane [112] and as chiral stationary phase for enantiomeric separations
[113-115].

The first optically active polyanilines were reported by Mejidi et al. in 1994
[116], emeraldine salts PAn.(+)-HCSA and PAn.(-)-HCSA were obtained via the
25
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electropolymerization of aniline in the presence of either (+)- or (-)-HCSA. The

use of optically active dopant anions such as (+)- or (-)-camphorsulfonate (CSA"

[119-123] and related chiral anions are believed to induce a preferred one-hande

helical arrangement in the polyaniline chains. An alternative route that has been
successfully used to produce optically active PAn emeraldine salts such as NMP
(Equation 1.2) is the doping of emeraldine base with optically active dopant
anions in a variety of organic solvents [78, 79, 124, 125], optically active
PAn.HCSA films can be cast onto glass from these solutions.

-o-o-o-o-

HCSA
•HU
CSA

f

\

Ml —

(1.2)
2n

Similar observation but less rapid chiral induction has been observed by doping
the EB forms of the ring-substituted polymers poly(2-methoxyaniline) (POMA)

and poly(o-toluidine) with (+)- and (-)-HCSA [118, 126, 127]. Optically active
polyanilines can also be similarly produced by employing other chiral dopant
acids such as (+) - or (-) - tartaric acid and 0,0'-dibenzoyl derivatives [128].

Recently, optically active POMA.(+)-HCSA and poly(2-ethoxyaniline).HCSA
salts have also been made by oxidizing the substituted aniline monomers with the
electron accepter 2,3-dichloro-5,6-dicyanobenzoquinone in organic solvents such
as chloroform/THF mixtures [129, 130].
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In addition, the optically active films of PAn.(+)-HCSA and P O M A . ( + ) - H C S A
can be de-doped in 1 M NH4OH to give the corresponding optically active
emeraldine bases [77, 131]. On the other hand, oxidation (with S2082") and

reduction (with hydrazine) of such films has also been shown to yield opticall
active pernigraniline and leucoemeraldine base films, whose chiroptical
properties have been established by CD spectra [132].

1.5 Chiroptical Properties of Polyanilines
1.5.1 UV-Visible Spectra of Polyanilines
Leucoemeraldine base (LB) shows only one absorption band in its UV-Visible

spectrum at ca. 320 nm. This may be assigned to a n - %* electronic transition
For emeraldine base (EB), as well as a similar low wavelength TT — TC* band

associated with the benzenoid rings, there is a strong band at ca. 600 nm that

been attributed to an intermolecular charge transfer exciton associated with t

quinoid rings [133], Pernigraniline base also exhibits two absorption peaks at
320 and 530 nm, this may be assigned to a n - n* band and a Peierls gap
transition, respectively.

The UV-Visible spectra of emeraldine salts (ES), formed by protonating EB,
exhibit three peaks; a n - n* band at ca. 330 nm and two visible region bands
ca. 430 and 800 nm that may be assigned as n -»polaron band and polaron -^ %*
band transitions, respectively [134].
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In general, conjugated polymers such as polyaniline show a strong coupling
between their electronic structure and geometric features such as the polymer
chain conformation. There have been a number of theoretical studies on
polyaniline oligomers examining the influence of the chain conformation
(especially the role phenyl and phenyl/quinoid ring torsional angles) on the
electronic structure of polyaniline [135-138].

The position and intensity of the absorption bands for polyaniline species are

therefore sensitive to the conformation adopted by the polymer chains, as well a
the conjugation length. For example, with emeraldine salts, the Amax for the
longest wavelength absorption band is red shifted for polymers with longer
conjugation length. A useful diagnostic test for the conformation of emeraldine

salt is the replacement of the high wavelength localized polaron band by a broad
strong free carrier tail in the NIR (with Wred shifted to 1500-2500 nm), when
the PAn chain changes conformation from a "compact coil" to an "extended coil"
conformation.

1.5.2 Circular Dichroism Spectra of Chiral Polyanilines

The c ircular d ichroism (CD) b ands o f o ptically active p olyanilines a re u
bisignate, i.e. exhibit a positive and negative component for each CD band. For
example, CD spectrum of PAn.(+)-HCSA in organic solvent such as NMP
exhibits bisignate CD bands at ca. 720 and 800 nm associated with the high
wavelength polaron band at ca. 775 nm. Overlapping bisignate CD bands are also
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observed at lower wavelengths (including a characteristic band at ca. 450 n m ) ,
associated with the low wavelength polaron band and n-n* absorption band

observed in this region. The above observation of bisignate CD signal is believ
to arise from the interaction of the electronic dipole transitions for two
chromophores located nearby in space as described by exciton coupling theory.

Exciton Coupling between Chromophores
When two (or more) chromophores are located nearby in space in a chiral

system, the electric transition moments will interact (couple), which causes th

energy level of the excited state to split [139]. This will be reflected in the
UV-Visible and CD spectra. In the UV-Visible spectrum, this exciton coupling
gives rise to two component spectra of the same sign, resulting in a single
absorption with double in intensity. However, this is not the case in CD

spectrum, which exhibits a positive and negative Cotton effect (CE) for the ban
If the chirality of the transition moments is clockwise, the CD band becomes
bisignate, and shows a positive high wavelength CE component and a negative
low wavelength CE component.

In chiral conducting polymers such as emeraldine salts and emeraldine bases, th

coupling may arise either from intrachain coupling between quinoid (or aniline)
repeat units along a single chain, and/or from interchain coupling between
quinoid (or aniline) units on adjacent chains.
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1.6 Solvatochromism and Thermochromism Studies of
Polyanilines

An interesting feature of chiral conducting polymers such as polythiophenes an

polyanilines is the dependence of their structure and chiroptical properties o
solvent (solvatochromism) [23, 140-142] and temperature (thermochromism)
[143].

For polyanilines, marked changes in the UV-Visible and CD spectra of
PAn.HCSA emeraldine salts have been widely reported by changing the nature
of the organic solvent. This solvatochromism being associated with changes in
the PAn backbone conformation/structure. However, there have been few
studies of thermochromism. Norris et al. [143] has recently shown from CD
studies of PAn.(+)-HCSA that the conformation of electrochemically deposited
films is changed upon heating to 140° C from a largely "extended coil"
conformation to a "compact coil" c onformation [144]. Su andKuramoto [129,
130] have similarly pointed out that PAn.(+)-HCSA and POMA.(+)-HCSA salts

produced from water and organic solvents possess different conformation, while
Kaner et al. have also recently reported that the presence of water in NMP
solutions of EB can cause the inversion of the configuration of PAn.(+)-HCSA
salts formed via doping with (+)-HCSA [145].

30

Chapter 1: General Introduction

1.7 Applications of Optically Active Polyanilines
1.7.1 Asymmetric Electrochemical Synthesis
The use of electrochemical asymmetric synthesis for the preparation of optically
active chemicals was first reported in 1967 [146]. Although electrochemical
asymmetric synthesis has been little studied since then, it has some practical
advantages over more conventional chemical [147] and enzymatic methods [99].
For example, it would not be necessary to attach a chiral auxiliary to the
prochiral substrate and to remove it from the final product. A wider range of
solvents may also be able to be used compared to enzyme systems.

Nonaka et al. [110, 111] have reported the potential of using conducting polymer
modified electrodes for asymmetric synthesis. They described the fabrication of
platinum electrode that was sequentially coated with achiral polypyrrole and
poly(L-valine) or poly (L-glutamate). These chemically modified electrodes
achieved some partial asymmetric syntheses, especially in the oxidation of

sterically crowded, arylalkyl sulfides to chiral organosulfoxides. In principle,
use of chiral conducting polymers themselves as chiral electrodes should be
superior to the above sequentially coated electrodes (less complex and more
efficient electron transfer).
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1.7.2 Chiral Separations
One of the most promising advances in chiral stationary phases has been the
development of helical synthetic polymers, since they generally show high chiral

recognition properties. For example, helical polymers such as cellulose esters an
poly(triphenylmethyl methacrylate) as chiral stationary phases for HPLC have
separated racemic compounds including esters, amides and alcohols [148-150].

Another successful approach for the separation of enantiomers involves the use
of enantioselective polymer membranes. These membranes usually consist of a
non-selective porous support coated with a thin layer of a chiral polymer for

selectivity. The selectivity of these membranes is determined by enantiospecific
interactions between the enantiomer to be separated and the top layer of the
chiral polymer. This results in one enantiomer being preferentially diffused
through the membrane. It has been demonstrated that chiral poly(amino acid)
membranes are able to separate amino acids [151, 152]. This is believed to be
associated with the polymer backbone adopting an ordered ct-helical
conformation.

Ogata et al. [112, 153] reported the first separation of enantiomeric amino acids
using chiral conducting polymer membranes. The chiral membrane was prepared

by electrochemically depositing polypyrrole in the presence of dextran sulfate o
poly(L-glutamic acid) on a platinum-coated poly(vinyl difluoride) membrane.
L-tryptophan permeated preferentially through these polypyrrole membranes as
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compared to D-tryptophan. They proposed that the good chiral discrimination
observed was related to the highly ordered a-helix in the dextran sulfate and
poly(L-glutamic acid) dopants incorporated into the polypyrrole membrane.

Recently, Kaner et al. reported [78] that a chiral polymer based on polyaniline
exhibited good chiral recognition ability when exposed to a racemic mixture of
selected amino acids. Moreover, the amino acid enantiomer bound by the chiral
polyaniline could be released using an organic solvent. This opens up the
possibility of chromatographically separating enantiomers such as D- and
L-phenylalanine from a racemic mixture using chiral conducting polyanilines as
the stationary phase.

1.8 Aims of the Project

The recent discovery of chiral polyanilines has opened up the possibility of thei

use as novel materials for the separation of enantiomers or as chiral electrodes
electrochemical asymmetric synthesis.

However, a range of questions remains to be answered before these chiral
polyanilines may be successfully employed in such applications. These include a
better understanding at the molecule of:
(i) the origin of the optical activity observed in chiral polyanilines;
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(ii)

the

factors

influencing

the

conformation/configuration

of chiral

polyanilines, such as solvent (solvatochromism), temperature
(thermochromism) and the method of synthesis;
(iii) the factors controlling chiral recognition by such chiral polyanilines;
(iv) the redox and pH behavior of the polymers.

This thesis attempts to address these questions in a series of synthetic and
stereochemical studies on optical polymers based on polyaniline (PAn), poly(2methoxyaniline) (POMA) andpoly(2-methoxyaniline-5-sulfonic acid) (PMAS).

Chapter 3 aims to establish, from UV-Visible and Circular dichroism (CD)

spectral studies, the influence of the solvent on the chiroptical properties and
conformation of optically active PAn.(+)-HCSA emeraldine salts (HCSA =

camphor-10-sulfonic acid). A particular focus is the influence of water in mixed
water/organic solvent mixtures on the conformation and configuration. It was
hoped that these studies would also throw light on the origin of the optical

activity in these polyanilines. For example, does it arise from the preferential
formation of one-handed helical PAn chains, or is the formation of chiral
supramolecular aggregates required.

Chapter 4 explores the influence of temperature (thermochromism) on the
chiroptical properties and conformations of two chiral polymers, namely
PAn.(+)-HCSA and POMA.(+)-HCSA. Comparison of the behavior of the
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POMA

emeraldine salt with the parent polyaniline salt should reveal the

influence of a methoxyl ring substituent. Chapter 5 employs a similar compariso
of the parent PAn.(+)-HCSA and ring-substituted POMA.(+)-HCSA emeraldine

salts, exploring their ability to react with and discriminate between enantiome
amino acids.

In the final section of the thesis (Chapters 6 and 7), two potential new synthe

routes to chiral polyanilines are explored. Chapter 6 examines the influence of
the presence of P-cyclodextrins in the polymerization mixture on the
conformation of PAn.HCl and PAn.(+)-HCSA products. It was hoped that the
inclusion of the aniline monomer in the (3-cyclodextrin during polymerization
may lead to more stereoregular emeraldine salt products, by hindered undesired
ortho-coupling. Finally, in Chapter 7 the synthesis of composites between the
chiral biopolymer chitosan and PAn and PMAS is studied as a possible new route
to chiral polyanilines. The redox and pH switching properties of these new
hybrid polymers is also examined.

It is believed that the results and fundamental insights expected from the abov
studies should provide a strong foundation for the future exploitation of the
potential of these novel chiral conducting polyanilines.
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CHAPTER 2
General Experimental

2.1 Introduction

This chapter gives a brief description of the materials employed in this thesis
also describes the synthetic routes for producing optically active poly(2methoxyaniline) films and solutions used in the investigations of the factors
affecting the polymer chain conformation of poly(2-methoxyaniline) in later
chapters. A description of the spectroscopic, electrochemical and other
techniques used to characterize the conducting polymers (including optically
active materials) prepared in this study is also provided.

Although general experimental methods will also be discussed here, details of
particular procedures used throughout this work are given in the Experimental
section of each chapter.

2.2 Materials
2.2.1 Monomers and Sulfonated Polymers
Aniline and 2-methoxyaniline monomers, purchased from Aldrich Chemical Co.,

were d istilled b efore u se. T hey were s tored under n itrogen b elow -10° C i
freezer. The monomer 2-methoxyaniline-5-sulfonic acid (MAS) and poly(2-
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methoxyaniline-5-sulfonic acid) (PMAS) were provided by Mitsubishi Rayon
Ltd., Japan, and used as supplied.

2.2.2 Reagents
(15)-(+)- and (li?)-(-)-10-camphorsulfonic acid (HCSA) were purchased in the
highest grade available from Aldrich Chemical Co. and used as supplied. The

other sources and purities of various reagents used in this thesis, such as ch
amino acids, ammonium persulfate oxidizing agent and hydrazine hydrate
reducing agent, are detailed in the chapters where they were employed.

2.2.3 Solvents
Spectroscopic grade l-methyl-2-pyrrolidinone (NMP), dimethylsulfoxide
(DMSO), dimethylformamide (DMF) and l,3-dimethyl-3,4,5,6-tetrahydro2(7//)-pyrimidinone (DMPU) were purchased from Aldrich Chemical Co. and
used as supplied. Spectroscopic grade chloroform, HPLC grade methanol and
formic acid (98 % purity) were purchased from Ajax Ltd and used without
further purification. Aqueous solutions were prepared using Milli-Q water.

2.2.4 Electrode Substrates

Working electrodes included indium-tin-oxide (ITO) coated glass electrodes (20
or 40 Q/cm"2), obtained from Delta Technology Ltd. Pt microelectrodes
(diameter 20, 50 Jim), Pt disc electrodes (diameter 0.8 mm) and Pt plate
electrodes were obtained from Goodfellow Ltd. Auxiliary electrodes were
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manufactured in-house from Pt mesh. Ag/AgCl reference electrodes were

purchased from B ioanalytical S ystems Ltd. Reticulated v itreous c arbon (RVC)
electrodes (with a porosity of 100 pores per inch (PPI) and effective surface
of 65.6 cm /cm) were purchased from ERG Materials and Aerospace
Corporation.

2.3 Synthesis of Optically Active Polyaniline and Poly(2methoxyaniline) Emeraldine Salts
2.3.1 Electrochemical Polymerization

The electrochemical polymerization of aniline and 2-methoxyanilne were carrie
out in a three-electrode cell presented in Figure 2.1. The optically active
emeraldine salts, PAn.(+)-HCSA and POMA.(+)-HCSA were deposited onto
ITO-coated glass or Pt plate working electrodes from a 30 mL aqueous solution
of 1.0 M (+)-HCSA and 0.2 M of the monomer (aniline or 2-methoxyaniline),
which was purged with nitrogen gas prior to use. The electrochemical cell also
contained a Ag/AgCl reference electrode (3 M NaCl salt bridge) and Pt gauze or
RVC auxiliary electrode, as shown in Figure 2.1.

2.3.1.1 Galvanostatic Polymerization
In this method, the current was controlled by a PAR 363 galvanostat to remain

constant throughout the experiment while the potential is monitored as a funct

of t ime a nd w ere a cquired b y a MacLab 4e (AD i nstruments) with M acintosh
computer (Chart 3.3.5 software). The thickness of the conducting polymer films
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can be controlled by monitoring the charge passed which is obtained by
multiplying the time of the experiment by the constant current (Q = t x I).

Reference electrode
with salt bridge

Working
electrode
Auxiliary electrode

Polymerization solution

Figure 2.1. Electrochemical cell for the polymerizations

2.3.1.2 Potentiostatic Polymerization
The PAn.(+)-HCSA and POMA.(+)-HCSA emeraldine salt films were

alternatively deposited by applying a constant potential of + 0.8 V (vs. Ag/Ag

for the Pt working electrode and + 1.1 V (vs. Ag/AgCl) for the ITO-coated glass
electrode, using a charge density of 120 mC/cm2. The potential was applied to
the working electrode using a BAS CV-27. Data acquisition for the potential,
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current and charge passed were monitored using MacLab 4e ( A D Instruments)
interfaced with a Macintosh computer using Chart 3.3.5 software.

2.3.1.3 Potentiodynamic Polymerization

Potentiodynamic electropolymerization of both aniline and 2-methoxyaniline i
the presence of acids HA (HA = 1.0 M (+)-HCSA or 1.0 M HC1) was carried out

using PAR 363 potentiostat, by cycling the potential usually between - 0.2 a

+ 1.0 V (vs Ag/AgCl) at a scan rate of 50 or 100 mV/s. The data were acquired
by a MacLab 4e (AD Instruments) with Macintosh computer (Echem 2.2
software).

2.3.2 Chemical Polymerization
The PAn.HCl and POMA.HC1 emeraldine salt were synthesized by the oxidative

polymerization (similar to those developed earlier for polyaniline [1]) of 4

of aniline or 2-methoxyaniline dissolved in 400 mL of 1.0 M HC1, using 10.0 g
of ammonium persulfate dissolved in 100 mL of 1.0 M HC1. The ammonium

persulfate solution was added drop wise using a burette over a 15 min period.

The mixture was magnetically stirred for 2 hr in an ice bath to keep the rea
temperature between 0-2° C. After two hr, the PAn.HCl and POMA.HC1

emeraldine salt precipitates were collected by vacuum filtration and then wa
with 200 mL of 1.0 M HC1 and 100 mL of methanol to remove low molecular
weight oligomers.
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2.4 Alkaline De-doping of PAn.(+)-HCSA and POMA.(+)H C S A Salts to give Optically Active Emeraldine Bases
Electrochemically prepared PAn.(+)-HCSA and POMA.(+)-HCSA emeraldine
saltfilmswere converted immediately to their emeraldine base forms by stirring
thefilmin 100 m L of 1.0 M ammonium hydroxide for 30 min.

2.5 Chemically Prepared POMA.(+)-HCSA
The achiral PAn.HCl and P O M A . H C 1 emeraldine salt products from Section
2.3.2 were converted to the P A n and P O M A (EB) emeraldine base form by
stirring the polymer in 500 m L of 1.0 M ammonium hydroxide for 48 hr. The
precipitates were collected using vacuumfiltrationand washed with 100 m L of
1.0 M ammonium hydroxide solution.

A solution of the PAn and POMA (EB) emeraldine base in NMP were then
prepared. To this solution, 1.0 M of (+)-HCSA was added to fully dope the EB.
The resultant dark green solutions of PAn.(+)-HCSA and POMA.(+)-HCSA
emeraldine salt were magnetically stirred for 8 hr before being rotary evaporated
to dryness. A n y remaining solvent was removed from the emeraldine salt
products by heating for 8 hr at 60° C in an oven.

PAn.(+)-HCSA and POMA.(+)-HCSA were also subsequently de-doped to give
optically active P A n and P O M A (EB) by stirring in 100 m L of 1.0 M ammonium
hydroxide f or 2 4 h r. The p recipitates of P A n a nd P O M A (EB) were c ollected
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using vacuum filtration and washed with 50 mL of 1.0 M ammonium hydroxide
solution, then sucked dry. The dry EB forms of PAn and POMA were kept in a
freezer period to use.

Casting of Films
Optically active PAn.(+)-HCSA and POMA.(+)-HCSA films were prepared by
evaporative casting from concentrated solutions of PAn.(+)-HCSA or
POMA.(+)-HCSA in various organic solvents. These concentrated polymer
solutions were prepared by dissolving 100 mg of PAn and POMA (EB) in 10 mL
of the organic solvent (NMP, DMF or DMSO) to form a 1.0 % (w/v) solution,
that was subsequently doped with the stoichiometric amount of a chiral acid
as (+)-HCSA to fully dope the EB. The solution was magnetically stirred for
before being filtered through a Whatman No. 42 filter paper. Thin films were

then prepared by evaporative casting via casting onto glass slides and remov

the solvent by heating in an oven at 60° C for 12 hr at atmospheric pressure.
Photo-Resist Spinner (Headway Research Inc.) was also used to spin cast thin
films of PAn.(+)-HCSA and POMA.(+)-HCSA from these concentrated PAn and
POMA (EB) solutions, using a spinning speed of 2000 rpm.

2.6 Electrochemical Synthesis of PMAS.CHI Composite

A divided three-compartment flow-through electrochemical cell (Figure 2.2) w
used for polymerization of MAS in the presence of chitosan (CHI) to give a

PMAS.CHI composite. A high surface area material, reticulated vitreous carbo
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( R V C ) , was employed for both the anode and cathode, while Ag/AgCl was used
as the reference electrode. During the polymerization, anolyte and catholyte
solutions were recycled through the separate compartments of the cell with a
peristaltic pump. The cell was divided by an anion exchange membrane (AMH,

Neosepta) to attain better control over the electrolyte pH. All electrochemic
syntheses were performed using an EG&G Princeton Applied Research
potentiostat/galvanostat, model 363.

Out

Cathode

Figure 2.2. Divided three-compartment electrochemical flow-through cell

2.7Techniques used for Conducting Polymer Characterization
2.7.1 Cyclic Voltammetry
Cyclic voltammetry (CV) was the most common electrochemical technique used
for conducting polymer characterization in this study. It involves the
measurement of current at the working electrode as a function of the applied
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potential, resulting in a current-potential curve or voltammogram. The
voltammograms provide both qualitative and quantitative information of an

analytical, thermodynamic or kinetic nature for the polymers under investigatio
CV is the most effective and versatile electrochemical technique available for
study of redox systems. In this work, CV was used for both deposition of the
conducting polymer films and for characterization of the grown films.

Potentiodynamic electropolymerization of both aniline and 2-methoxyaniline in
the presence of 1.0 M (+)-HCSA or 1.0 M HC1 was carried out by cycling the

potential usually between - 0.2 and + 1.0 V (vs Ag/AgCl) at a scan rate of 50 or
100 mV/s. Electrochemical characterization of the resultant PAn.HA and
POMA.HA films deposited on the Pt working electrode was performed in a fresh
1.0 M aqueous solution of the appropriate HA, using the same potential cycling
conditions as employed in their electrodeposition.

2.7.2 UV-Visible-NIR Spectroscopy
The UV-visible spectra of the polyaniline films or solutions prepared in this
thesis were recorded between 300 and 1100 nm using a Shimadzu UV-1601
spectrophotometer, or between 300 and 3000 nm using a Cary 500
spectrophotometer (Varian). Solution spectra were recorded in a 1 cm pathlength
quartz cell after they were filtered using a 0.45 um syringe filter.
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2.7.3 Circular Dichroism Spectroscopy ( C D )
Circular dichroism (CD) spectroscopy was used extensively in this thesis for
studying the optical activity and chain conformation of the optically active
polyanilines. The technique measures the difference in absorption of left and

right handed circularly polarized light by a chiral molecule, as shown in Equa
(2.1).
Asi_r = si-er (2.1)

The CD spectra of chiral polyaniline films deposited on ITO-coated glass were
recorded using a Jobin Yvon Dichrograph 6. Solution spectra were similarly

recorded in a 1 cm pathlength quartz cell after they were filtered using a 0.45
syringe filter.

The CD spectrometer was calibrated periodically, using a 1 g/L aqueous solution
of (+)-10-camphorsulfonic acid (CSA) as calibrant. This solution, with an
absorption maximum at 190 nm, was placed in a 1 mm cell. The positive CD
band observed at 290.5 nm (Ae = 2.36) and the negative band at 192.5 nm
(Ae = - 5.0) permitted a two-point calibration, as shown in Figure 2.3.
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Figure 2.3 CD spectrum of aqueous 1 g/L"1 (+)-camphorsulfonic acid [2]
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CHAPTER 3
Effects of Water on the Conformation of
Optically Active Polyanilines in Organic Solvents

3.1 Introduction
The first studies on the conformation of chiral conducting polymers largely
concentrated on polypyrroles (Figure 3.1a) and polythiophenes [1-8] (Figure 3.1
b), made chiral by the covalent attachment of chiral substituents to the

heterocyclic rings. The presence of these chiral substituents is believed to indu
a one-handed helical structure on the polymer chains.

(a)

(b)

Figure 3.1. Structures of (a) chiral polypyrroles, (b) chiral polythiophenes
(where R* = chiral substituent, A" = dopant anion, n = no. of repeat units per
positive charge)

Although some early studies of these organic solvent-soluble polythiophenes
attributed the observed optical activity to the adoption of a one-handed helical
conformation by the polythiophene main chain [1], a series of elegant papers by
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Meijer et al. [2-6] in a range of organic solvents (and solvent mixtures) strong

suggest that the observed optical activity in these systems involves instead the
helical packing of the polymer chains into a chiral supramolecular aggregates
induced by the optically active side chains. Remarkable solvent and temperature
dependence of the circular dichroism (CD) spectra were observed in several
instances [2-6].

It was not until 1994 that the first synthesis of an optically active polyanili
reported by Majidi et al. [7]. Originally, this was performed by the

electropolymerization of aniline in the presence of the chiral acid dopants (+)and (-)-camphorsulfonic acid, to give PAn.(+)-HCSA and PAn.(-)-HCSA

emeraldine salts, respectively. It was believed that incorporation of the chiral
CSA" dopant anions into the polyaniline chains during growth induced a
preferred one-handed helical structure on the polyaniline chains, depending on
which hand of the CSA" was employed. Later on, an alternate synthesis technique
was discovered in which doping of preformed emeraldine base by (+)- or (-)camphorsulfonic acid in various organic solvents produced chiral PAn.(+)-HCSA
and PAn.(-)-HCSA salts [8-10], as shown in Equation 3.1. A color change from

blue to green accompanies this transition, while the electrical conductivity ris
from typically 10"9 S/cm to about 1 S/cm.

(3.1)
_ rym-QH«-QH-(3=*-

HCSA

_ - ^ ^ m — ^ ^ - X H CSA
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Previous studies by Okamoto et al. [11] have indicated that a change in solvent
can cause an inversion in chirality for a chiral polythiophene. This
polythiophene, bearing a chiral ring substituent showed no optical activity in
chloroform (a solvent in which the polythiophene was very soluble). However,
when small amounts of nitromethane (30-40%) were added, optical activity
appeared [11]. As more nitromethane was added, the CD signal became more
intense, until it reached a point where the CD signal inverted (50-70% CH3N02).
The author's explanation for this behavior was that in chloroform there was no
chirality b ecause the polymer was fully soluble, not allowing the formation o
aggregates. When nitromethane was added, the polythiophene was no longer
fully soluble, causing the formation of polythiophene aggregates whose
supramolecular arrangement was chiral. After further addition of nitromethane,
polythiophene aggregates with a different handedness formed, causing the
observed inversion in the CD spectrum. Similar behavior has been seen by Bidan
et al. [12], where an increasing amount of methanol was added to an optically

active p olythiophene i n c hloroform. U pon t he a ddition o f 4 0-55 % methan
there was a complete inversion of the polythiophene CD spectrum.

Unlike the previously discussed chiral polythiophenes, the origin of the induce
optical activity in chiral PAn.(+)-HCSA materials has not been unequivocally
established. It has been suggested [7, 8] that it arises from the preferential

adoption o f a o ne-handed h elical s crew b y t he p olyaniline c hains, induc
specific electrostatic and H-bonding between the radical cation NH+ and amine
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NH sites on the PAn chain and S03" and carbonyl groups on the enantiomeric
CSA" dopant anions. However, some observations such as the absence of optical
activity in the visible region of the spectrum for PAn.(+)-HCSA species when

dissolved in m-cresol solvent, in contrast to strong optical activity for poly
films cast from such solutions [10, 13], suggest that chiral aggregates may be
necessary for chiral induction (as with chiral polythiophenes).

Several recent studies have shown the CD spectra of PAn.(+)-HCSA species to
be solvent dependent [13, 14]. The conformation of PAn.(+)-HCSA prepared

electrochemically in water has also been shown to be distinctly different to t
of the polymer generated in organic solvents [14, 15]. It has been reported by

Kaner et al. [16] that the use of wet emeraldine base in the doping reaction (3
in NMP solvent gives the mirror imaged CD spectrum to that formed from dry
emeraldine base when the EB is doped with (+)-camphorsulfonic acid. This was
also suggested as the answer to why some literature has reported the dopantinduced CD band at 450 nm for PAn.(+)-HCSA salts to have a positive sign,

while others have reported it to be negative. Kaner provided no explanation, an

this striking phenomenon needs to be understood at the molecular level if chira

polyaniline is to be useful as active material in future commercial applicatio
such as chiral drug separations.
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This chapter explores the chiroptical properties of optically active PAn.(+)HCSA salts generated by the doping of EB with (+)-HCSA in a range of organic

solvents, together with a systematic study of the influence of added water on
conformation/configuration of the resultant emeraldine salts. The organic
solvents examined are Af-methyl-2-pyrrolidinone (NMP), dimethylpropylene urea
(DMPU), dimethylformamide (DMF), dimethylsulfoxide (DMSO) and formic
acid (Figure 3.2).

CH 3 N'
N
I
CH,

O
II

H-C-N

I

CH,

CH

DMPU

NMP

CH,
/

DMF

O
CHq — S

CHo

DMSO

H-C-OH
HCOOH

Figure 3.2. Structures of organic solvents used in this study

3.2 Experimental
3.2.1 Materials
Emeraldine base was available in our laboratory (molecular wt., M n , ca. 20,000),
and was stored in a freezer prior to use. Analytical grade, anhydrous NMP,
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DMSO and DMF were obtained from Aldrich Chemical Co. and stored in their

Sure/Seal bottles. These solvents were withdrawn through the Sure/Seal cap wi
a syringe when required. DMPU and formic acid were purchased from Aldrich
Chemical Co. in the purest grades available and used as supplied. Analytical

grade (15)-(+)-camphorsulfonic acid was also purchased from Aldrich and heat

to 60° C for 4 hr and dried in a desiccator prior to use. All water that was
for solution preparation was of Milli-Q quality.

3.2.2 Preparation of PAn.(+)-HCSA Emeraldine Salt Solutions
Two mixing methods were employed to prepare dilute solutions of optically
active PAn.(+)-HCSA emeraldine salt:

Method 1

The e meraldine b ase (EB) w as a dded d irectly to t he o rganic s olvent t
dark blue solution. Sufficient EB was added to give a solution with an
Absorbance of ca. 2.5 at the EB exciton band (>»max ca. 640 nm). From the
reported [17] extinction coefficient of ca. 7900 for EB (based on a monomer

repeat unit) at this band corresponds to an EB concentration of ca. 3.2 x 10

The solution was then filtered through a 0.45 um filter before sufficient so
(+)-HCSA was added to give a 0.10 M (+)-HCSA solution.
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Method 2
The calculated amount of solid (+)-HCSA was added to the organic solvent to
make a 0.10 M (+)-HCSA solution. To this solution, sufficient emeraldine base
powder was then added to give an Absorbance of ca. 2.5 at the high wavelength
polaron band (Xmax 700 - 800 nm) for the PAn.(+)-HCSA emeraldine salt
formed. This will correspond to a PAn.(+)-HCSA concentration of ca. 3.2 x 10"4
M (based on a tetramer repeat unit). The resultant PAn.(+)-HCSA solution was
then filtered through a 0.45 um filter.

Specific amounts of Milli-Q quality water (1-50% v/v) were added to these
reaction mixtures in a variety of ways, namely;
(i) to the EB /organic solvent mixture prior to doping with (+)-HCSA
(ii) to the (+)-HCSA/organic solvent prior to the addition of EB
(iii) to the PAn.(+)-HCSA/organic solvent solutions after the acid doping.

The concentration of emeraldine base was maintained constant by mixing the

stock emeraldine base solution with the different mixed water/organic solvent,
described in Table 3.1.
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Water content (%)

Mixing methods

0.0

2.0 m L of stock + 2.0 m L organic solvent

2.5

2.0 m L of stock + (1.9 m L organic solvent +0.1 m L water)

5.0

2.0 m L of stock + (1.8 m L organic solvent +0.2 m L water)

10.0

2.0 m L of stock + (1.6 m L organic solvent +0.4 m L water)

25.0

2.0 m L of stock + (1.0 m L organic solvent +1.0 m L water)

50.0

2.0 m L of stock + 2.0 m L of water

Table 3.1. Mixing methods of emeraldine base in water/organic solvent mixtures

3.2.3 Spectroscopic Studies

The emeraldine base and PAn.(+)-HCSA solutions prepared above in 3.2.2 were

diluted and their UV-Visible spectra recorded between 3 00 and 1100 nm on a
Shimadzu UV-1601 spectrophotometer. Corresponding CD spectra were
measured with a Jobin-Yvon Dichrograph 6 between 300 and 800 nm. For both
techniques, the appropriate solvent was used as a reference.

3.3 Results and Discussion
3.3.1 Solvatochromism in Polyanilines
3.3.1.1 Emeraldine Base (EB) in Various Organic Solvents

Dissolution of emeraldine base (EB) in each of the organic solvents NMP, DM
DMSO, and DMPU gave blue solutions which exhibited two strong bands in the
UV-Visible spectra at 325 nm and 645 + 10 nm (Figure 3.3). These two bands
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have been previously assigned to n-n and exciton band transitions, respectively
[18].
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Figure 3.3. UV-Visible spectrum of emeraldine base (ca. 3.2 x 10" M ) in N M P

The 7C-7T* band was insensitive to the nature of the solvent. However, it was
discovered that the position of the characteristic exciton band underwent a
moderate red shift along the solvent series: DMF < DMSO < DMPU < NMP,
with A.max increasing from 635 nm in DMF to 652 nm in NMP, as shown in
Figure 3.4 and Table 3.2.
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Figure 3.4. UV-Visible spectra of E B (ca. 3.2 x 10"4 M ) dissolved in D M F ,

DMSO, DMPU and NMP

Solvent

Exciton band A,max (nm)

DMF

635

DMSO

645

DMPU

650

NMP

652

Table 3.2. C omparison of the exciton A.max values for E B in different organic
solvents ([EB] ca. 3.2 x 10"-4M in each case)
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3.3.1.2 Optically Active PAn.(+)-HCSA Emeraldine Salt in Various Organic
Solvents
The addition of 0.1 M (+)-HCSA to each of the above EB/organic solvent

solutions caused a rapid color change from blue to the characteristic green of
emeraldine salts. In each case, the UV-Visible spectrum showed the

disappearance of the original EB bands, and the appearance of visible absorpti
bands characteristic of PAn.(+)-HCSA emeraldine salts. For example, in DMF
solvent three bands were observed at ca. 355, 440 and 705 nm for the PAn.(+)HCSA salt (Figure 3.5). On the basis of earlier studies [19] of PAn.HA salts,

these bands may be assigned to 71-71 , polaron-7t , and 71-polaron band transi
respectively (Scheme 3.1).

pi* band
T
360 nm

440 nm

?80«m

i

::

-

:

polaron
ban®

- • - : K% pi bard

Scheme 3.1. Assignment of electronic absorption bands of P A n . H A salts by
MacDiarmid [20]
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Figure 3.5. UV-Visible spectra of E B (ca. 3.2 x 10"4 M ) in D M F and PAn.(+)HCSA formed after the addition of 0.1 M (+)-HCSA

The presence of a localized polaron band in the 690-780 n m region for the
PAn.(+)-HCSA emeraldine salt formed in each of the solvents, as shown in
Figure 3.6, indicates that the emeraldine salts are in the "compact coil"

conformation. In addition, the position of this characteristic high wavelengt

polaron band shifted to longer wavelengths along the solvent series: formic a
DMSO, DMF, DMPU, NMP. The position of the peak increased from 705 nm in
DMSO to 780 nm in NMP (Table 3.3), indicating,a significant solvatochromic

influence and an increasing conjugation length for the polyaniline chains al
the solvent series.
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Figure 3.6. UV-Visible spectra of PAn.(+)-HCSA salts formed by adding 0.1 M
(+)-HCSA to EB (ca. 3.2 x 10"4 M) in various organic solvents

Solvent

^max (nm)

Formic Acid

695

DMSO

705

DMF

710

DMPU

765

NMP

780

Table 3.3. Comparison of A™ ax for the high wavelength polaron band of PAn.(+)HCSA formed in different organic solvents
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The C D spectra of the above solutions showed that each of the PAn.(+)-HCSA

salt products was optically active. For example, the CD spectrum of the PAn.
HCSA formed in DMSO is shown in Figure 3.7. The CD bands observed at 460,

410, and 340 nm are associated with the absorption bands at 425 and 350 nm,
while the CD bands at 780 and 690 nm are the expected bisignate signals
associated with the polaron absorption band at 705 nm.

-160
Wavelength (nm)

Figure 3.7. C D spectrum of PAn.(+)-HCSA formed by adding 0.1 M (+)-HCSA
to EB (ca. 3.2 x 10"4 M) in DMSO

The PAn.(+)-HCSA and PAn.(-)-HCSA emeraldine salts produced by doping EB
with (+) or (-)-HCSA in NMP solvent were mirror imaged (Figure 3.8). This
indicates that the doping of EB with chiral camphorsulfonate anion is
enantioselective, with the polyaniline chains presumably adopting either a
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right-handed helical screw, depending on which hand of the CSA" anion is
incorporated.

Wavelength (nm)

Figure 3.8. Mirror imaged CD spectra of PAn.(+)-HCSA and PAn.(-)-HCSA
formed by adding 0.1 M (+)- and (-)-HCSA, respectively, to EB (ca. 3.2 x 10"4
M) in NMP solvent

Optically active PAn.(+)-HCSA salts were alternatively generated in the same

series of organic solvents via the addition of EB to a 0.1 M (+)-HCSA solution i
the appropriate solvent. The chiroptical properties of these latter emeraldine
were essentially identical to those described above for the former mixing
procedure.
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3.3.2 Formation of Emeraldine Salt in Formic Acid

The d issolution o f E B i n formic a cid r esulted i n d oping b y t his a

(pKa= 3.76), giving a green solution of the emeraldine salt PAn.HCOOH, via t
doping reaction 3.1 (HA = HCOOH). A typical UV-visible spectrum measured
immediately after mixing revealed bands at 355 nm, 440 nm, and 680 nm,
characteristic of emeraldine salts (Figure 3.9).

Figure 3.9. UV-Visible spectrum of P A n . H C O O H formed by dissolving E B in
formic acid

Addition of 0.1 M

(+)-HCSA to this solution was expected to cause the

replacement o f the i nitial H CCOH d opant b y chiral (+)-HCSA, a s H COOH
less acidic (pKa = 3.76). A small change in the UV-Visible spectrum was
observed upon replacing the HCOOH dopant with 0.1 M (+)-HCSA, with the
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high wavelength polaron band for the initial P A n . H C O O H salt shifting slightly

from 680 to 690 nm (compare spectra in Figures 3.9 and 3.6). The appearance o
corresponding CD bands in the CD spectrum (Figure 3.10) confirmed the
formation of optically active PAn.(+)-HCSA. A chiral anisotropy factor (g =
Ae/e) of 0.26 % was calculated for the high wavelength polaron band for
PAn.(+)-HCSA in HCOOH (from the spectra in Figure 3.6 and 3.10), indicating
moderately strong optical activity.

-253?0

•125

-175

-225

-275

Wavelength (nm)

Figure 3.10. C D spectrum of PAn.(+)-HCSA prepared by adding 0.1 M (+)H C S A to P A n . H C O O H solution from Figure 3.9
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3.3.3 Effect of A d d e d Water on the UV-Visible Spectrum of E B in Organic
Solvents

In the first series of experiments, varying amounts of water (2.5-50.0 % v/v)
were added to EB solutions in the appropriate organic solvent. In each case,
slight broadening of the exciton band at ca. 600 nm occurred with increasing

water content, as illustrated in Figure 3.11 for NMP/water mixtures. This may
arise from H-bonding of water molecules to amine (-NH) and imine (-N=) sites
on the EB chains, as shown in Scheme 3.2.
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Scheme 3.2. H-bonding of water molecules to amine (-NH) and imine (-N=) sites
on E B chains
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Figure 3.11. UV-Visible spectra of EB in various NMP/water mixtures

3.3.4 Effect of Added Water on the Conformation of PAn.(+)-HCSA in
Organic Solvents
Acid doping with (+)-HCSA of E B in mixed water-organic solvent solutions
gave the corresponding PAn.(+)-HCSA emeraldine salts. For each of the organic
solvents studied ( N M P , D M P U , D M F , and D M S O ) , the presence of water had a
marked

influence

on

the chiroptical

properties

(and hence the

conformation/configuration) of the PAn.(+)-HCSA salts.

The presence of up to 10 % water (v/v) caused a blue shift for the high
wavelength polaron absorption band of the PAn.(+)-HCSA in each case (Figure
3.12-3.15). Between 0 and 10 % water (v/v) the UV-Visible spectra remained
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consistent with a "compact coil" conformation. However, for water contents > 25
% (v/v), the high wavelength polaron band became much less intense, and the
concurrent appearance of strong absorption in the near-infrared suggested at
partial conversion to an "extended coil" conformation.
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Figure 3.12. UV-Visible spectra of PAn.(+)-HCSA in various NMP/water
mixtures
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Figure 3.13. UV-Visible spectra of PAn.(+)-HCSA in various DMPU/water
mixtures
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Figure 3.14. UV-Visible spectra of PAn.(+)-HCSA in various DMF/water
mixtures
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Figure 3.15. UV-Visible spectra of PAn.(+)-HCSA in various DMSO/water
mixtures

Most remarkable was the influence of added water on the CD spectra of the

PAn.(+)-HCSA salts. The effects observed depended on the nature of the organi

solvent, and the results will be discussed for each organic solvent/water sy
turn.

(a) MixedNMP/Water Solvent Mixtures
It was found that the presence of a small amount of water (2.5 - 5.0 % v/v)
NMP solvent caused an inversion in the CD spectrum of the PAn.(+)-HCSA salt
formed (Figure 3.16). These inversions of configuration for PAn.(+)-HCSA
generated in NMP in the presence of 2.5 - 5.0 % water may arise from the
presence of H-bonding of the EB substrate by water, as shown in Scheme 3.2
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above. This H-bonded water would compete with H-bonding between the dopant
HCSA carbonyl group and the polyaniline amine groups, which was previously
postulated [7, 8] to be responsible for chiral induction. The (+)-HCSA dopant
would therefore have to bind to the polymer chain in a different manner, leading
to the opposite hand of the PAn helix being favored.

The presence of 10.0 % water (v/v) caused further marked changes to give a CD
spectrum that was distinctly different from those obtained either in pure NMP or
in 95 % NMP/5 % water. This indicates a further conformational/structural

change for the polyaniline chains. Only relatively small differences were seen i
the corresponding UV-Visible spectra for the 5 % and 10 % water (v/v) solutions

(Figure 8.12), indicating the greater sensitively of circular dichroism in probi
polymer conformational changes. This latter structural change was enhanced at
longer times, as shown by the CD spectra (Figure 3.17) for the PAn.(+)-HCSA in
the same series of mixed NMP/water solvents recorded after one hr.
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-150^
Wavelength (nm)
Figure 3.16. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
record immediately after the addition of 0.1 M(+)-HCSA

-100J
Wavelength (nm)
Figure 3.17. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
recorded 1 hr after the addition of 0.1 M(+)-HCSA
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Significantly, when 25 % or 50 % (v/v) of water was present in the N M P solvent,
the CD spectrum of PAn.(+)-HCSA vanished (Figures 3.16, 3.17), showing

complete loss of optically activity in the visible region. This feature was c
to all the organic solvent systems investigated (NMP, DMPU, DMF, DMSO and
HCOOH) (see below). This may be explained by a change in the structure of

PAn.(+)-HCSA from cis-cisoid conformation (with a helical and optically activ

structure) to trans-transoid conformation (with a flat and optically inactive
structure) as shown in Scheme 3.3.

CI3-CI30I0
TflANS-TRAhSOID

Scheme 3.3. Trans-transoid and cis-cisoid conformations of polyaniline

(b) Mixed DMPU/Water and DMF/Water Solvent Mixtures
Similar results were obtained for the CD spectra of PAn.(+)-HCSA formed in
mixed DMPU/water or DMF/water solvent mixtures, where a small amount of
water (2.5-5.0 % v/v) in the DMPU or DMF solvent caused an inversion in the
CD spectrum for the PAn.(+)-HCSA salt (Figures 3.18, 3.19). These inversions
of configuration for PAn.(+)-HCSA generated in DMPU and DMF (2.5 -5.0 %
water) may also be explained from the presence of prior H-bonding of the EB
substrate by water (Scheme 3.2) as, described above (see Section 3.3.3 a).
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wavelength (nm)
Figure 3.18. CD spectra of PAn.(+)-HCSA in various DMPU/water mixtures,
recorded immediately after the addition of 0.1 M(+)-HCSA

wavelength (nm)
Figure 3.19. CD spectra of PAn.(+)-HCSA in various DMF/water mixtures,
recorded immediately after the addition of 0.1 M(+)-HCSA
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The loss of optical activity when 25 or 50 % (v/v) of water was present in the
mixed solvents for DMPU/water and DMF/water was also confirmed from the
CD spectra (Figures 3.18, 3.19). This may again be explained by a change in the
structure of PAn.(+)-HCSA from cis-cisoid conformation to trans-transoid
conformation (Scheme 3.3) as mentioned earlier for mixed NMP/water solvent.

(c) Mixed DMSO/Water and HCOOH/Water Solvent Mixtures
In contrast to the above results, in mixed DMSO/water and HCOOH/water
solvents, no inversion of PAn.(+)-HCSA configuration were caused by the

presence of water in the organic solvent. Instead, the intensity of the observed
CD bands progressively decreased with increasing water content, until the
polymers became optically inactive when the water content was > 25 % (v/v)

(Figures 3.20, 3.21). This decrease in intensity of the CD bands with increasing
addition of the poor solvent water, suggests that the formation of chiral

supramolecular aggregates may not be responsible for the induced chirality. Thi
conclusion contrasts with the behavior of chiral polythiophenes, where the

evidence strongly indicates that the observed optical activity is associated wi
the presence of chiral polymer aggregates [6-8].
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wavelength (nm)
Figure 3.20. C D spectra of PAn.(+)-HCSA in various DMSO/water mixtures,
recorded immediately after the addition of 0.1 M(+)-HCSA

wavelength (nm)
Figure 3.21. CD spectra of PAn.(+)-HCSA in various HCOOH/water mixtures,
recorded immediately after the addition of 0.1 M(+)-HCSA
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3.3.5 Influence of Changing Mixing Order for Doping Reaction
A second series of mixed solvent experiments was also carried out in which the
EB was instead added directly to a 0.1 M (+)-HCSA solution in the appropriate
solvent. This alternative mixing method was examined for all of the
water/organic solvent mixtures studied above.

In each solvent mixture both mixing methods produced the same configuration
for the PAn.(+)-HCSA emeraldine salt produced, as shown by the very similar

changes in chiroptical properties. For example, the presence of 2 and 5 % (v/v)
water in the 0.1 M (+)-HCSA doping solution in NMP solvent caused an
inversion of the CD bands observed for the emeraldine salt. The CD spectra
(Figure 3.22) obtained from this second mixing method for NMP solvent with

10.0 % (v/v) content of water (1 hr after acid doping) was also identical to t

observed by first method. In addition, it was also found that the presence of 1

% (v/v) water in the solvent mixture has no effect on the polymer configuration
whereas, with 2.0 % (v/v) water the inverted CD spectrum was observed.
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20

Wavelength (nm)
Figure 3.22. CD spectra of PAn.(+)-HCSA in various NMP/water mixtures,
recorded 1 hr after acid doping by the second preparation method

3.3.6 Influence of Adding Water After the Formation of PAn.(+)-HCSA Salt
in NMP

As mentioned earlier, the configurational changes caused by water in the or
solvent only occurred when water was added before the formation of PAn.(+)HCSA salts. In order to see the influence of adding water to PAn.(+)-HCSA
salts after doping with 0.1 M (+)-HCSA, the doped form of PAn.(+)-HCSA was
subsequently diluted with water to give 25 % (v/v) water content.
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The UV-Visible and CD spectra shown in Figures 3.23 and 3.24, respectively,

exhibited a similar "compact coil" conformation for the PAn.(+)-HCSA salt afte
the addition of 25 % (v/v) water. This confirmed that there was little effect
polymer conformation/configuration by water added after the formation of
PAn.(+)-HCSA. However, a dilution effect was observed in their UV-Visible and
CD spectra.
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Figure 3.23. UV-Visible spectra of PAn.(+)-HCSA formed in NMP before and
after the addition of 25 % (v/v) water
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Wavelength (nm)
Figure 3.24. CD spectra of PAn.(+)-HCSA formed in NMP before and after the
addition of 25 % (v/v) water

3.3.7 Effect of Chloroform on the Conformation of PAn.(+)-HCSA in NMP
Similar chiroptical experiments to the above were done on PAn.(+)-HCSA
generated by doping EB with (+)-HCSA in mixed NMP/chloroform solvents.
These two co-solvents were chosen since chloroform is a relatively "poor"
solvent [21] for EB, while NMP is a "good" solvent [22] which is considered
act as a de-aggregator of EB chains [8].

The presence of increasing chloroform co-solvent caused a blue shift in the
wavelength polaron band, of the PAn.(+)-HCSA from 780 nm in NMP to ca. 730
nm in 50/50 (v/v) NMP/chloroform (Figure 3.25). Most significant was the

marked decrease in the intensity of the high wavelength polaron band at ca.
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n m , w h e n the chloroform content in the solvent was increased to 75 % (v/v), and
the appearance of strong near infrared absorotion (see Figure 3.35). This
indicates a change in the polymer conformation from a "compact coil" to an
"extended coil" conformation in the 75 % chloroform/25 % NMP solvent.
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It was also found that with chloroform solvent content between 5.0 and 50.0 %
(v/v), there was no inversion in the CD spectrum of the PAn.(+)-HCSA salt
(Figure 3.26). However, increasing content of the poor solvent (chloroform)

caused a progressive decrease in the intensity of the CD bands, with the compl

loss of optical activity in 25 % NMP/75 % chloroform. This decrease in optical
activity of the PAn.(+)-HCSA salt as the "good" solvent NMP is progressively
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replaced by the "poorer" solvent chloroform supports the conclusion in Sectio

3.3.3 (c) above that the optical activity in these polyaniline salts is not a
with the presence of chiral polymer aggregates.

Wavelength (nm)

Figure 3.26. C D spectra of PAn.(+)-HCSA salt in various NMP/chloroform
solvent mixtures

3.4 Conclusions
Following the doping of EB with 0.1 M (+)-HCSA in a range of organic solvents
(NMP, DMPU, DMF, DMSO and HCOOH), the presence of a high wavelength
localized polaron band for the doped PAn.(+)-HCSA product in each case
indicated that the emeraldine salts were in the "compact coil" conformation.

position of this characteristic high wavelength polaron band shifted from 695
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in formic acid to 780 nm in NMP, indicating a significant solvatochromic
influence and an increase in conjugation length for the polyaniline chains.

The presence o f 2.5 t o 10.0 % (v/v) w ater in an E B s olution in NMP s olve
before doping with (+)-HCSA leads to PAn.(+)-HCSA with the inverse CD
spectrum to that formed without addition of water. This suggests that the
polyaniline chains adopt the opposite helical hand to that in pure NMP (good
solvent for aggregation of EB). A similar inversion of configuration by small
amount of water co-solvent is observed for PAn.(+)-HCSA salts formed by
doping EB in DMPU and DMF solvents, but not in DMSO and HCOOH. On the

other hand, the addition of water to PAn.(+)-HCSA solution after emeraldine sa
formation has little effect on their conformation. It was therefore concluded
H-bonding by water co-solvent to the EB chains prior to doping competes with
subsequent H-bonding of the (+)-HCSA dopant. This results in a different mode
of doping interaction with EB, and the opposite hand of the PAn.(+)-HCSA
emeraldine salt product is then preferred.

When 25 to 50 % v/v of water is present in solutions of EB in each of the
solvents, NMP, DMPU, DMF, DMSO and HCOOH before doping, optically
inactive PAn.(+)-HCSA salt is obtained. This may be due to the high water

content causing a change in the EB structure from a helical cis-cisoid to a fl
trans-transoid conformation. This changes in the CD spectrum of PAn.(+)HCSA believed to arise from progressively more extensive H-bonding of water
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to the initial EB substrate, competing with the carbonyl group in the chiral (+)
HCSA dopant.

The presence of increasing chloroform co-solvent (5.0 - 75.0 % v/v) caused a
blue shift in the high wavelength polaron band, from 780 nm in NMP to ca. 730
nm in 50/50 (v/v) NMP/chloroform. The UV-Visible spectrum shows that the
presence of 75 % (v/v) chloroform causes a conformational change from a
"compact coil" to an "extended coil" conformation for the PAn.(+)-HCSA salt.

The presence of 5 to 50 % (v/v) chloroform co-solvent causes no inversion in the
CD spectrum of the PAn.(+)-HCSA salt. However, increasing the chloroform
(poor solvent) content causes a progressive decrease in the intensity of the CD
bands, with the complete loss of optical activity in 25 % NMP/75 % (v/v)
chloroform. This decrease in optical activity of the PAn.(+)-HCSA salt as the
"good" solvent NMP is progressively replaced by the "poorer" solvent
chloroform, strongly suggests that chiral supramolecular aggregates are not
responsible for the observed optical activity of the PAn.(+)-HCSA emeraldine
salts.

In summary, these studies show that the conformation/configuration of PAn.(+)HCSA salts generated by acid doping EB in organic solvents is very sensitive to
the nature of the solvent, and especially to the presence of water in the
environment of the EB substrate prior to doping. The results would appear to be
more readily rationalized by assuming a helical structure for the PAn chains in
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the optically active emeraldine salts, rather than the formation of chiral
supramolecular aggregates.
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CHAPTER 4
Effects of Temperature During and After
Polymerization on the Conformation of Optically
Active Polyanilines

4.1 Introduction

Previous studies by MacDiarmid et al. [1, 2] and Norris et al. [3] have est

that polyaniline salts, PAn.(±)-HCSA and PAn.(+)-HCSA, synthesized by dopin
emeraldine base (EB) with racemic (±)-HCSA and (+)-HCSA, respectively, as
shown in Equation (4.1), may be formed in two different conformations
depending on the solvent employed.

EB + H C S A

0-;-0-

HN

(4.1)

CSA"

The racemic PAn.(±)-HCSA films cast from N M P and D M S O solvents were
reported to possess a "compact coil" conformation, characterized by a localized
polaron band at about 800 nm in the UV-Visible region [4, 5]. These emeraldine
salts also show absorption bands at ca. 350 and 420 nm, assigned to a benzenoid
7U - 7C* transition and a second polaron transition, respectively.
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On the other hand, the same PAn.(±)-HCSA films cast from m-cresol solvent

were reported [6, 7] to have a different conformation called "extended coil". Fo
these "extended coil" emeraldine salts, the two low wavelength absorption bands
merge into a broad band in the 300 - 450 nm region. The change from "compact

coil" to "extended coil" conformation is also characterized by the replacement o

the long wavelength localized polaron band by an intense free carrier tail in th

near-infrared region. This is indicative of increased charge transport along the
polymer chains.

Many applications of conducting polymers such as batteries require the thermal
stability of these materials [8, 9]. Apart from thermal degradation at high

temperature (> 200° C), the effect of thermal treatment at lower temperatures on
the conformation of the polymer may be of particular importance. Such
thermochromism has been extensively studied in substituted polythiophenes

[10-14], where heating of polymer films (or solutions in organic solvents) leads
to a marked blue shift of the highest wavelength n - TC* absorption band. These
color changes were attributed to a twisting of the polymer backbone from a
planar to a less ordered non-planar conformation. The temperature-dependent

circular dichroism spectra of related chiral polythiophenes have provided furthe
insights into the nature of the thermochromism in these polymers [10, 11].
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However, there have been only a few investigations of thermochromism in
polyanilines. Several papers have noted a blue shift of the peak of emeraldine
base [15, 16] and ring-substituted EB [17] films upon heating. More recently,
Norris et al. [3] have reported the thermochromism of electrochemically
generated optically active PAn.(+)-HCSA salts, in which they observed a change
from an "extended coil" to a "compact coil" conformation upon heating to
140° C. However, there have been no reports of thermochromism in substituted
polyanilines such as poly(2-methoxyaniline) (POMA) emeraldine salts.

In this thesis, the synthesis of optically active polyaniline and poly(2methoxyaniline) emeraldine salt films via the enantioselective

electropolymerization of aniline and 2-methoxyaniline in the presence of aqueou
0.1 M (+)-HCSA [18] provides the opportunity to use circular dichroism (CD)
spectroscopy to monitor the influence of elevated temperatures on the
conformation of these PAn.(+)-HCSA and POMA.(+)-HCSA polymers after
synthesis.

Also examined is the effect of temperature during electropolymerization on the
conformation of POMA.(+)-HCSA films deposited. In contrast to the chemical
oxidative polymerization of aniline where the influence of the polymerization
temperature on the properties of the resultant emeraldine salts has been
extensively studied [19-24], no such studies have been carried out to date for
electrochemical polymerization.
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4.2 Experimental
4.2.1 Emeraldine Salt Film Preparations
Films of PAn.(+)-HCSA and POMA.(+)-HCSA were potentiostatically deposited
on 4 cm ITO-coated glass working electrodes via procedures described earlier
Chapter 2, using an applied potential of + 1.1 V (vs Ag/AgCl) and 120 mC/cm2
charge passed. The aniline and 2-methoxyaniline monomers were distilled twice
before use. Except for the temperature dependence studies below,
polymerizations were canied out at room temperature.

4.2.2 Effect of Temperature on the Electrochemical Polymerization of
POMA.(+)-HCSA
For the electrochemical deposition of POMA.(+)-HCSA films at various
temperatures between 2° C and 35° C, the polymerization solution was
maintained at a set temperature (+ 0.5° C) by cooling or heating the

electrochemical cell in a cold or hot water bath. Potentiostatic polymerizatio
was employed in each case, as described above.

4.2.3 Thermochromism Studies
PAn.(+)-HCSA and POMA.(+)-HCSA films, potentiostatically deposited on
ITO-coated glass at room temperature (see Section 4.2.1), were used for
thermochromism studies. Their UV-Visible and CD spectra were recorded at
room temperature before they were exposed for 10 min periods to successively

higher temperatures from 50° - 240° C in an oven under atmospheric conditions.
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After e ach 10 min h eat treatment, the films w ere c ooled tor oom t emperatu

This cooling was done by two methods: either slowly decreasing the temperature

by 20° C every 10 min in the oven, or by rapidly cooling (ca. 15 min) in the a
Their UV-Visible and CD spectra were then recorded at room temperature,
before repeating such heating to successively higher temperatures.

The de-doping of POMA.(+)-HCSA at a temperature of 240° C was done on the
same film in the oven over times from 10 to 155 min.

4.2.4 Spectroscopic Characterization
UV-Visible and CD spectra of the polymer films were recorded using procedures
described earlier in Chapter 2.

4.3 Results and Discussion
4.3.1 Thermochromism in Electrochemically Deposited PAn.(+)-HCSA
Films
In an earlier study [3] of thermochromism for electrochemically deposited

PAn.(+)-HCSA, after each heat treatment the films were allowed to rapidly cool

to room temperature before measuring their chiroptical properties. However, t

rate of cooling has been recently reported to have a major impact on the resu

polymer chain conformation for certain substituted polythiophenes. Therefore,
the present thermochromism studies on electrochemically deposited PAn.(+)HCSA involved heating the emeraldine salt films at various temperatures for
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10 min and then measuring their chiroptical properties after controlled slow
cooling (2° C decrease/minute) to room temperature. Therefore, any changes in
the polymer conformation observed in this study are irreversible changes
resulting from the thermal treatment of the PAn.(+)-HCSA.

The UV-Visible and CD spectra recorded for a PAn.(+)-HCSA film at room
temperature are shown in Figures 4.1 and 4.2, respectively. The UV-Visible

spectrum is consistent with a predominantly "extended coil" conformation for th

polyaniline chains, with a free carrier tail absorption band in the near infrar
and no distinct high wavelength polaron band in the 800 - 900 nm region.

The corresponding CD spectrum (Figure 4.2) exhibited bisignate CD bands at ca.
340 nm and 440 nm associated with the broad absorption band centered at 400
nm, and a further CD signal at > 650 nm associated with the broad absorption in
this region.

Remarkably, the room temperature CD spectrum was the inverse of that

previously observed by Majidi et al. [18, 25] and Norris et al. [3] for PAn.(+)HCSA films grown under the same electrochemical conditions. As discussed
further below, this may arise from kinetic resolution of the PAn.(+)-HCSA

during its deposition on the new batch of ITO-coated glass electrodes used in th
present study, as opposed to thermodynamic resolution with the previously
employed ITO-coated glass.
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Figure 4.1. UV-Visible spectra of an electrochemically deposited PAn.(+)HCSA film at room temperature and after heating at 150° C for 10 min

Wavelength (nm)

Figure 4.2. C D spectra of an electrochemically deposited PAn.(+)-HCSA film at
room temperature and after heating at 150° C for 10 min
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Very little change was observed in the chiroptical properties of the PAn.(+)HCSA film after heating for 10 min at temperatures less than 100° C. However,
at temperatures progressively above 100° C, the UV-Visible and CD spectra of
these films underwent marked changes. For example, the UV-Visible spectrum
of the PAn.(+)-HCSA film heated to 150° C for 10 min (Figure 4.1) showed a

marked conformational change from the original "extended coil" conformation to

a "compact coil" conformation. The presence after heating of a localized polar
band at 835 nm and of two lower wavelength absorption bands at ca. 425 and

355 nm (a second polaron band and a n - n* transition, respectively), together
with the absence of a free carrier tail in the near infrared, confirmed this
conformational conversion at elevated temperature. This temperature induced
structural change in the PAn.(+)-HCSA film at 150° C suggests that the
"compact coil" conformation is more thermodynamically stable than the
"extended coil" conformation.

The corresponding CD spectrum of the PAn.(+)-HCSA film heated to 150° C
(Figure 4.2) exhibited two bands at ca. 405 and 455 nm, which are assigned as
bisignate, exciton-coupled bands associated with the 425 nm absorption band.
The other CD band at ca. 355 nm is associated with the benzenoid n - n*

absorption band seen at 355 nm. Also seen at lower wavelength is the tail of t
circular dichroism signal of the (+)-HCSA dopant, which has its absorption
maximum at 290 nm.
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Significantly, this later CD spectrum is identical in form and sign to that
observed by Norris et al. [3] after similar heating of an electrochemically
deposited PAn.(+)-HCSA film that exhibited the inverse room temperature CD
spectrum to the film employed in the present study. Thus, in the present study
heating the electrochemically deposited PAn.(+)-HCSA not only causes a change

from an "extended coil" to a "compact coil" conformation, but also an inversion
of polymer configuration. This may be rationalized in terms of thermal
conversion of an initial kinetically preferred PAn.(+)-HCSA salt to its
thermodynamically formed diastereomeric form, where the polyaniline chains
adopt the opposite hand (either prior to or after the above conformational
change).

A series of intermediate UV-Visible and CD spectra were also obtained for the
electrochemically prepared PAn.(+)-HCSA film after heating at temperatures
in the range from 100° - 150° C before slowly cool down to their room
temperature.

In the related thermochromism study of PAn.(+)-HCSA by Norris et al. [3] an
identical heating method was employed, but the films were allowed to rapidly
cool down to room temperature after heating. The similar final CD spectrum

observed after heating at 150° C for 10 min in both the present study and in th

report by Norris et al. [3] indicates that the rate of cooling after heating (
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in the range studied here) has no significant influence on the
conformation/structure of the PAn.(+)-HCSA film obtained.

Similar r esults tot hose r eported p reviously by N orris e t a 1. [ 3] w e
upon heating the electrochemically deposited PAn.(+)-HCSA film to
temperatures higher than 150° C.

4.3.2 Thermochromism in Electrochemically Deposited POMA.(+)-HCSA
Films

Similar thermal experiments to the above were carried out on electrochemical
deposited POMA.(+)-HCSA films. UV-Visible and CD spectra of the films at
room temperature and after heating for 1 0 min at 8 0° C, 110° C, 130° C and
150° C were measured.

The UV-Visible and CD spectra at room temperature were similar to those
previously reported by Norris et al. [3] for electrochemically deposited
POMA.(+)-HCSA films. The presence of a localized polaron absorption band at

790 nm and a second polaron band at 440 nm, as well as a n - n* band at 350 n
(Figure 4.3), indicated a "compact coil" conformation for the POMA chains in
the polymer.

The UV-Visible spectrum of the film showed only small changes upon raising

the temperature to 150° C, as shown in Figure 4.3. In each case, the spectrum
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exhibited a well-defined localized polaron band at ca. 800 n m as well as a lower
wavelength polaron band at ca. 430 nm. This suggests that the POMA.(+)-HCSA
film maintains an essentially "compact coil" conformation upon heating to 150°
C. However, heating between 110° and 150° C causes a significant increase in

the intensity of both the low wavelength polaron band and the n - %* band. Th
latter n - TC* band also undergoes a blue shift from ca. 345 n m to ca. 310 nm,
indicating modification to the P O M A chain structure.

Wavelength (nm)

Figure 4.3. UV-Visible spectra of an electrochemically deposited POMA.(+>
H C S A film at room temperature and after heating at 80° C, 110° C, 130° C and
150° C for 10 min

These changes in the absorption spectrum in the 300 - 450 nm region upon
heating are also reflected in the corresponding C D spectra of the POMA.(+)109
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HCSA film, shown in Figure 4.4. In particular, marked increases in intensity
occur for the CD bands at ca. 450 and 350 nm upon heating to 150° C, while the
positive CD band observed at ca. 400 nm at room temperature is replaced by a

negative CD signal. There is also a marked decrease in the intensity of the roo
temperature CD signal at 700 nm upon heating, consistent with the red shift
observed in the high wavelength polaron absorption band. These thermally
induced spectroscopic changes indicate that the POMA.(+)-HCSA film, while
remaining essentially "compact coil" upon heating, undergoes significant
structural modification to its POMA chains. This behavior shows a marked

difference to that previously reported by Norris et al. [3] for chemically dope
PAn.(+)-HCSA cast films. These latter unsubstituted emeraldine salt films show

only little change in their CD spectrum upon heating to 160° C, indicating tha
structural change occurs, while also remaining "compact coil" conformation as
observed in their UV-Visible spectra.
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Wavelength (nm)

Figure 4.4. CD spectrum of an electrochemically deposited POMA.(+)-HCSA

film at room temperature and after heating at 80° C, 110° C, 130° C and 150° C
for 10 min

The thermally induced structural changes observed above for the
electrochemically deposited POMA.(+)-HCSA may have significant implications
when other physical and mechanical properties of such salts are examined at
temperatures above 100° C.

Exposure of the POMA.(+)-HCSA films to higher temperatures than 150° C
( 180°, 210°, 240° C) resulted in further marked changes in their UV-Visible
(Figure 4.5) and CD spectra (Figure 4.6).
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The electrochemically deposited POMA.(+)-HCSA film gradually lost the
localized polaron absorption band at ca. 820 nm, while growing a new peak at

640 nm. These spectroscopic changes are consistent with thermally induced dedoping of the POMA.(+)-HCSA to give emeraldine base. The melting of the

HCSA dopant at 198° C, and its subsequent decomposition at temperatures above

230° C, may facilitate the loss of HCSA observed at temperatures above 200° C
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Figure 4.5. UV-Visible spectra of an electrochemically deposited POMA.(+)HCSA film heated between 150° and 240° C

The associated CD spectral changes, shown in Figure 4.6, are also consistent

with the progressive loss of the chiral (+)-HCSA dopant at temperatures highe

than 150° C. The strong CD peak at 450 nm progressively decreased in intensit
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while a new peak grew at higher wavelengths. This showed the conversion of
POMA.(+)-HCSA to optically active emeraldine base. This CD spectrum

observed after heating at 240° C (Figure 4.6) is similar to that reported [2
optically active POMA emeraldine base prepared via the alternative room
temperature de-doping of POMA.(+)-HCSA films with NH4OH.

Wavelength (nm)

Figure 4.6. CD spectra of an electrochemically deposited POMA.(+)-HCSA film
heated between 150° C and 240° C

The thermal stability of the above de-doped emeraldine base form of POMA was

examined by leaving the film in the oven at a temperature of 240° C for long

time periods from 10 to 155 min. From the CD spectra shown in Figure 4.7, th

CD bands at 650 and 360 nm lost their intensity gradually upon longer heatin

until the film was almost optically inactive after heating at 240° C for 15
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Presumably, heating the polymer film at this elevated temperature provides
sufficient energy for the POMA chains to undergo inversion between the two
helical hands, resulting in racemization.

Wavelength (nm)

Figure 4.7. CD spectra of an electrochemically deposited POMA.(+)-HCSA film
heated at 240° C for 10,20,65 and 155 min

In addition, similar thermal studies were also done on POMA.(-)-HCSA films,

deposited using the enantiomeric (-)-HCSA hand of the dopant camphorsulfoni
acid in the electrochemical polymerization. The same UV-Visible and CD

spectral changes were observed upon heating these latter POMA.(-)-HCSA films
to 150° C (Figure 4.8 and 4.9) as were found above for POMA.(+)-HCSA. The
only differences in chiroptical properties of the POMA.(+)-HCSA and POMA.
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(-)-HCSA films were their inverted C D spectra (Figure 4.9), as expected for
enantiomeric polymers.

300

400

500

600
700
800
Wavelength (nm)

900

1000

1100

Figure 4.8. Effect of heat treatment (RT and 150° C ) on the UV-Visible spectra
of electrochemically deposited POMA.(+)-HCSA and POMA.(-)-HCSA films
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Wavelength (nm)

Figure 4.9. Effect of heat treatment (RT and 150° C) on the CD spectra of
electrochemically deposited POMA.(+)-HCSA and POMA.(-)-HCSA films

4.3.3 Effect of Temperature on the Polymerization of POMA.(+)-HCSA
Films

The effect of temperature on the electrochemical synthesis of optically acti
poly(2-methoxyaniline) (POMA.(+)-HCSA) thin films were investigated at
various temperatures between 2° and 35° C. UV-Visible and CD spectra of the
films after deposition were measured.

The UV-Visible spectra of each of the optically active POMA.(+)-HCSA films

(Figure 4.10) revealed bands at ca. 350, 450 and 800 nm, characteristic of a
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"compact coil" emeraldine salt. These bands may be assigned to n - %*, polaron
7t*, and 7t - polaron band transitions, respectively. The UV-Visible spectra shown
in Figure 4.10 exhibited a very similar result to that previously reported by S.
Patil et al. [27]. The marked decrease in intensity for the films grew at higher
temperatures (19° and 35° C ) can be explained on the basis of the rate of polymer
formation (proportional to the thickness of the film).
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Figure 4.10. UV-Visible spectra of P O M A . ( + ) - H C S A films electrochemically
deposited at various temperatures

The corresponding CD spectra of the POMA.(+)-HCSA films grown at different
temperatures (2° - 35° C ) under identical experimental condition (Figure 4.11)
revealed a very similar conformation/structure for the emeraldine salt products
grow at temperatures between 2° - 19° C. However, a significantly different C D
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spectrum was observed for the film grow at a temperature of 35° C. The positive
CD bands at ca. 400 and 450 nm observed for the other films were replaced by
negative CD signals in this region, indicating the change in its
conformation/structure.

Wavelength (nm)

Figure 4.11. CD spectra of POMA.(+)-HCSA films electrochemically deposited
at various temperatures

4.4 Conclusions
UV-Visible and CD spectroscopic studies show that electrochemically deposited
PAn.(+)-HCSA and POMA.(+)-HCSA emeraldine salt films have different

conformations for their polyaniline chains, assigned as "compact coil" and part
"extended coil", conformations respectively. The conformation of the PAn.(+)-
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HCSA salt may be transformed from its initial "extended coil" to a "compact
coil" conformation by heating the film to 140° C for 10 min. Cooling the
PAn.(+)-HCSA film down rapidly or slowly from the heating temperature of
140° C gives similar results.

Heating the electrochemically deposited POMA.(+)-HCSA film at temperatures

higher than 200° C for 10 min results in thermal de-doping to form optically
active POMA emeraldine base. This POMA (EB) film becomes almost optically
inactive when heated at a temperature of 240° C for 65 min, indicating

racemization. This may arise from inversion of the polymer helical chains at
temperature. Similar thermochromic behavior is observed with a film of the
enantiomeric POMA.(-)-HCSA salt.

The CD spectra of POMA.(+)-HCSA films electrochemically deposited at 35° C
indicate different conformations for their polymer chains compared to

corresponding films grown at 2 - 19° C. This may due to the deposition of lo
molecular weight POMA.(+)-HCSA salt formed at the slower polymerization
rate at the lower temperatures.
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CHAPTER 5
Chiral Recognition Using Optically Active Polyaniline
and Poly(2-methoxyaniline)

5.1 Introduction
The biological and pharmacological activity of chiral compounds depends on
their configuration. Drugs administered as racemic mixtures may exhibit quite
different activity from the enantiomerically pure drug. Often only one of the

enantiomers is pharmacologically active, while the other enantiomer may even b
toxic [1-7]. Since numerous enantiomers have been shown to have different
behavior to each, whether pharmacokinetic, pharmacodynamic, toxicological or

interaction, there seems to be hardly any exception to the general rule that a
racemic mixture cannot be considered as a single drug entity.

However, many drugs, especially of synthetic origin are still used in the form
racemic mixtures. Regulations introduced by the US Food and Drug
Administration, now requiring that all new drugs need to be tested in

enantiomerically pure form [1], have led to strong interest in the development
new and efficient methods for producing chiral drugs in enantiomerically pure
forms.
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The recent discovery of chiral conducting polymers [8-10] opens up the

possibility of employing them for separating left- and right-handed enantiomers
from a racemic mixture. Optically active PAn.(+)-HCSA emeraldine salts have
been made by two alternative routes, namely either (i) electrochemical

polymerization of aniline in the presence of aqueous (+)-HCSA [11, 12], or (ii
via the chemical doping of pre-formed emeraldine base (EB) with (+)-HCSA in
an organic solvent [8-10]. Subsequent alkaline de-doping of both types of
PAn.(+)-HCSA films has been shown [11, 12] to produce optically active

emeraldine base. Recent studies by Kaner et al. [13] established that optically
active emeraldine base obtained by chemical doping route has the ability to
discriminate between the enantiomers of amino acids such as phenylalanine.
Emeraldine base PAn (EB) films obtained from PAn.(-)-HCSA are partially redoped by aqueous L-phenylalanine (as indicated by the appearance of an

absorption band at ca. 430 nm and an associated CD peak at ca. 450 nm), but no
by D-phenylalanine. Kaner has therefore suggested [13] that this chiral
emeraldine base may be able to be used to separate racemic mixtures of amino
such as D- and L-phenylalanine.

In order to provide further insight into chiral recognition by optically activ

polyanilines and the possibility of their use in chiral separations, this chap

examines the chiral discrimination properties of optically active emeraldine b
(EB) films obtained via the electrochemical polymerization route. Studies have

shown [14,15] that these electrochemically derived polyanilines are considerab
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more optically active than those m a d e via the chemical route. Electrochemically
deposited PAn.(+)-HCSA and POMA.(+)-HCSA (where POMA = poly(2methoxyaniline) films were de-doped by aqueous NH4OH to their emeraldine
base forms, PAn (EB) and POMA (EB), respectively. Their chemical interactions

with both hands of amino acids such as histidine, proline, valine, leucine and
phenylalanine are examined using UV-Visible and CD spectroscopy.

In contrast to Kaner's results with chemically derived PAn (EB), results outl
in this chapter demonstrate that the corresponding electrochemically derived

optically active PAn (EB) emeraldine base does not react with either hand of a
range of amino acids. However, the POMA (EB) emeraldine base form of
poly(2-methoxyaniline) produced via the electrochemical route reacts with a
range of aqueous 0.10 M amino acids. The nature and stereochemistry of these
reactions is explored. In addition, an unexpected inversion of configuration
partially re-doped POMA amino acid salts formed in these latter processes was

observed on long standing in air. The implications for the potential use of th
materials for chiral separations are discussed.

5.2 Experimental
5.2.1 Preparation of Optically Active Polyaniline (PAn) and Poly(2methoxyaniline) (POMA) Films
Optically active films of POMA.(+)-HCSA emeraldine salts were prepared using
an established procedure[16, 17]. They were potentiostatically deposited onto
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indium-tin-oxide (ITO) coated glass working electrodes from an aqueous
solution of 0.2 M 2-methoxyaniline in 1.0 M (+)-HCSA, using an applied

potential of 1.1 V (vs Ag/AgCl) and 120 mC/cm2 charge passed. The chiral (+)HCSA dopant was then removed by placing the film in aqueous 1.0 M NH4OH
for 24 hr to form optically active POMA (EB) emeraldine base films, as shown
Equation 5.1.

Optically active PAn.(+)-HCSA films and their corresponding optically active

PAn (EB) emeraldine base films were prepared via an analogous procedure using
aniline as the monomer, as previous described [16],

POMA-(+)-HCSA

P O M A (emeraldine base form)

(5.1)

5.2.2 Chiral Recognition Studies with Amino Acids

The reactions of the above optically active emeraldine base films of polyani
and poly(2-methoxyaniline) with different enantiomeric forms of amino acids

(Equation 5.2) were carried out by dipping the films in 0.1 M aqueous soluti

of the amino acids for up to 4 days at room temperature. UV-Visible and circu

dichroism (CD) spectra were used to monitor the chiroptical properties of th
films during the reactions, using instrumentation described in Chapter2.
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OCH,

OCH 3

OCH 3

OCH3

OCH,

OCH3

(+)-AminoAcid(M)

POMA (EB form)

POMA.(+)-AA

(5.2)

The same films were then left on the open bench in air for 1, 5, 21 and 70 days,
before re-measuring their UV-Visible and CD spectra. Therefore, any changes

the polymer conformation observed in this last mentioned long-term study occ
in the solid state.

5.3 Results and Discussion
5.3.1 Chiral Recognition of Amino Acids by Optically Active Polyaniline
Emeraldine Base PAn (EB) Films
Chiroptical Properties of Polyaniline EB Films
Figure 5.1 shows a typical UV-Visible spectrum for the blue PAn (EB) films
obtained via the alkaline de-doping of electrochemically deposited PAn.(+)-

HCSA films (see Experimental). These exhibited a characteristic exciton peak
ca. 635 nm associated with an electronic transition involving quinoid rings
polymer chain [18], as well as a n - n* band at ca. 330 nm, confirming the
formation of PAn (EB).

127

Chapter 5: Chiral Recognition Using Optically Active Polyanilines

3-5 -i

2-5 -' \

"> \ x ^\

< V / \
1.5

v

—

X.

0-5 0 -I— 1 1 1 1 1 1 1

300 400 500 600 700 800 900 1000 1100
wavelength (nm)

Figure 5.1. UV-Visible spectra of PAn (EB) film obtained via the alkaline de
doping of electrochemically deposited PAn.(+)-HCSA

The c orresponding CDspectra o f these deposited P An ( EB) films ( e.g. F i
5.2) confirmed that they were strongly optically active. Four CD bands were

observed at ca. 315, 380, 525 and 740 nm. These may be assigned as two pairs

bisignate CD signals: the 380 nm (-ve) and 315 nm (+ve) bands are associated
with the 7i - TC* absorption band at 330 nm, while the 740 nm (-ve) and 525

(+ve) signals are associated with the 635 nm exciton absorption bands. Excit

coupling theory, first developed byHarada[19] (see Chapter 1), predicts such
bisignate splitting of the CD band of a chromophores when it can interact

(couple) with an identical chromophore nearby in space. In conducting polym

such as PAn emeraldine base, this could arise from either (i) intrachain co
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(i.e. between quinoid (or aniline) units repeated along the same chain), or (ii)

interchain coupling (i.e. between quinoid (or aniline) units on adjacent chains

400

-600

Wavelength (nm)

Figure 5.2. C D spectra of P A n (EB) film obtained via the alkaline de-doping of
electrochemically deposited PAn.(+)-HCSA

For such exciton coupling to occur, there must be no significant conjugation
between the chromophore units [20]. A planar PAn emeraldine base chain would

therefore not be expected to exhibit intrachain exciton coupling of its quino
aniline) repeat chromophores. However, theoretical and X-ray diffraction [21]

data on emeraldine bases suggest significant twisting of the polyaniline chain

from planarity. This is expected to be largely driven by steric repulsions be

hydrogen atoms on adjacent rings. In particular, a recent analysis [21] of X-r

scattering data for amorphous emeraldine bases indicates that one of the amine
linkages (NI in Figure 5.3) is surrounded by two strongly twisted benzenoid
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rings. This results in a twisting of the benzenoid ring furthest from the quinoidal

unit in Figure 5.3 being nearby perpendicular to the nominal molecular "plane"
of the EB chain (C7-N1-C6-C4 dihedral angle = 100°, compared to 180°
expected for planarity). Such twisting would be expected to severely restrict

conjugation along the chain, limiting the 7r.-conjugation length to under four
monomer units. As a result, exciton coupling between repeat quinoid
chromophores (and benzenoid chromophores four units apart) along the EB chain
m a y occur.

H_y

n

Figure 5.3. Schematic of P A n emeraldine base as a fully planar system showing
the four monomer repeat with one quinoid and three benzenoid units

The possibility of interchain exciton coupling between quinoidal (or aniline)
chromophores on adjacent PAn emeraldine base chains is also supported from

recent X-ray diffraction data [21], suggesting a close spacing between EB cha

IR and Raman studies [22] also indicate a very short distance between N atoms

on adjacent EB chains, attributed to H-bonding between the two chains. Recent
combined gel permeation chromatography and IR studies [23] also support such
H-bonding between adjacent EB chains, leading to aggregation even in N-

130

Chapter 5: Chiral Recognition Using Optically Active Polyanilines

methylpyrrolidinone ( N M P ) solution. This interchain H-bonding m a y be
represented as shown in Figure 5.4.

-O
>»-a»=c
-f~~y! ^yj-f~y^-f~^^
/

•NH

-E—

K=

Figure 5.4. H-bonding between amine (-NH) and imine (-N=) sites on E B chains

Although the optical purity of the chiral polyaniline E B films prepared here

cannot be directly measured, their high chiral anisotropy factors (g = As/s

suggest that they possess a large excess of one enantiomeric form. For exam
i

combining the absorption and C D spectral data for the P A n (EB) film shown in

Figures 5.1 and 5.2, one obtains a As/e value for the exciton chromophore (
630 nm) of ca. 1 %. This compares with a maximum value of 2 % observed for
any chiral chemical to date [20].

Interaction of Chiral Polyaniline (PAn) Emeraldine Base Films with Amino
Acids

Treatment of these optically active PAn (EB) films with 0.1 M aqueous solut
of the amino acids D- and L-phenylalanine, D- and L-leucine and D- and L-

valine for up to 4 days (see Experimental) caused little change to their UV

Visible and CD spectra. Only a very small increase in the exciton absorptio
band at ca. 630 n m occurred on each treatment (e.g. Figure 5.5). The
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corresponding C D spectra recorded after the E B films had been placed in amino
acid solutions for periods of up to 4 days (Figures 5.6-5.11) also showed no

significant changes (including after leaving the films in air for 3 further we

25

E B (PAn)

~i

after treatment with 01 M D-leucine

•° 15
1
05 I

0
300

400
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600
700
800
Wavelength (nm)

900

1000

1100

Figure 5.5. UV-Visible spectra of an optically active P A n (EB) film before and
after treatment with 0.1 M aqueous D-leucine
300

Wavelength (nm)

Figure 5.6. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M L-leucine
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o
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"5
UJ

Wavelength (nm)

Figure 5.7. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M D-leucine
150 i

800

-250

Wavelength (nm)

Figure 5.8. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M L-phenylalanine
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Figure 5.9. C D spectra of an optically active P A n (EB)filmafter treatment with
aqueous 0.1 M D-phenylalanine

Figure 5.10. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M L-valine
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Figure 5.11. C D spectra of an optically active P A n (EB) film before and after
treatment with aqueous 0.1 M D-valine

The above results show that optically active P A n (EB)filmsderived by alkaline
de-doping of electrochemically deposited PAn.(+)-HCSA films are not doped

when subsequently treated with a range of amino acids. This behavior contras

with that recently reported by Kaner et al. [13] for chemically derived opti

active PAn (EB) films. They reported the partial doping of the PAn (EB) by D
phenylalanine, while it was unaffected by treatment with L-phenylalanine.

Use of the Opposite Hand ofEB
The CD spectra of electrochemically deposited PAn.(+)-HCSA and PAn.(-)-

HCSA films are essentially mirror images of each other, indicating that thes
chiral forms of polyaniline process opposite handedness. The source of the
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optical activity has been attributed to the conformational properties of the
polymer chain backbone in which a helix of opposite hand is formed with the
two enantiomeric HCSA dopant acids [8-10].

In the present study, optically active P A n (EB) films generated by alkaline dedoping of PAn.(-)-HCSA films were also briefly examined for their ability to
discriminate between enantiomeric amino acids. As seen in Figure 5.12, these
optically active PAn (EB) films showed a mirror imaged CD spectrum compared
to EB obtained from PAn.(+)-HCSA (see Figure 5.2). However, once again, no

significant changes occurred in the CD spectra of these enantiomeric PAn (EB)
films upon prolonged (4 days) treatment with L- or D-leucine (Figures 5.13,
5.14).
500
E B generated from PAn.(-)-HCSA

400
300

Wavelength (nm)

Figure 5.12. C D spectra of P A n (EB) films obtained via the alkaline de-doping
of electrochemically deposited PAn.(-)-HCSA and PAn.(+)-HCSA films
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Figure 5.13. C D spectra of an optically active P A n (EB) film obtained by de-

doping PAn.(-)-HCSA, before and after treatment with aqueous 0.1 M L-leucine
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Figure 5.14. C D spectra of an optically active P A n (EB) film obtained by de-

doping PAn.(-)-HCSA, before and after treatment with aqueous 0.1 M D-leucine
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5.3.2 Chiral Recognition of Amino Acids by Optically Active POMA (EB)
Films

Similar chiral recognition studies were then carried out for the reactions of
emeraldine base films of poly(2-methoxyaniline), POMA (EB), with a similar

range of enantiomeric amino acids. It was considered that the steric influenc
the methoxy group on the aniline rings of POMA emeraldine base may lead to
different/enhanced chiral recognition properties.

The optically active POMA (EB) emeraldine base films employed here were
prepared (see Experimental) by the alkaline de-doping of POMA.(+)-HCSA
films obtained from the electrochemical (potentiostatic) polymerization of 2methoxyaniline, as described previously by Norris et al. [14].

Chiroptical Properties of Poly (2-methoxyaniline) EB Films
The UV-Visible spectra of the POMA (EB) films exhibited two characteristic
peaks at ca. 335 and 580 nm, that may be assigned as a % - n* band and an

exciton band, respectively (e.g. Figure 5.15). The corresponding CD signals (e
Figure 5.16) were consistent with the absorption spectra, and were similar to
those previously reported by Norris et al. [14]. However, the CD bands were

quite weak in intensity (e.g. a chiral anisotropy factor (g = As/e) of only c
% may be calculated for the exciton chromophore (A,max 580 nm) from the

absorption and CD data in Figures 5.15 and 5.16. This very low value contrasts
with the high As/s value of ca. 1 % determined above for the optically active

138

Chapter 5: Chiral Recognition Using Optically Active Polyanilines

emeraldine basefilmsused in Section 5.3.1. The very low g = As/e value for the

POMA emeraldine base films suggests that they are of low optical purity, an
largely racemic.

in

<
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700
800
Wavelength (nm)

900

1000

1100

Figure 5.15. UV-Visible spectrum of a P O M A (EB) film obtained via the
alkaline de-doping of electrochemically deposited POMA.(+)-HCSA

Wavelength (nm)

Figure 5.16. C D spectrum of P O M A (EB) film obtained via the alkaline dedoping of electrochemically deposited POMA.(+)-HCSA
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Interaction of Chiral Poly(2-methoxyaniline) (POMA) Emeraldine Base Films
with Amino Acids

The above, largely racemic, POMA emeraldine base films were then treated with
aqueous 0.10 M solutions of a range of amino acids. These included the

enantiomeric pairs L- and D-histidine, L- and D-leucine, L- and D-phenylalani

as well as D-proline. In each case, both the initial POMA (EB) exciton peak a

ca. 580 nm and the 7t - 7t* band at ca. 335 nm increased in intensity after t

was dipped in the amino acid solution for 10, 30 and 60 min, as well as after

hr in the solution (see Figures 5.17 - 5.23). In addition, the spectra also re
small red shift for the exciton band with increasing time. For example, the
exciton band for POMA (EB) treated with 0.10 M L-histidine shifted from ca.

580 nm to ca. 600 nm after 70 hr treatment (Figure 5.17). Similar shifts were
observed for each of the other amino acids studied. These spectral changes

indicated an interaction had occurred between the POMA (EB) films and each of

the amino acids. The largest red shift (A = 65 nm) was observed for treatment
with L-phenylalanine, where A.max for the exciton band shifted to ca. 645 nm
(Figure 5.21).
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Figure 5.17. UV-Visible spectra of a n optically active P O M A ( E B ) film before
and after treated for 10, 3 0 , 6 0 m i n and 7 0 hr with aqueous 0.1 M L-histidine
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Figure 5.18. UV-Visible spectra of a n optically active P O M A ( E B ) film before
a n d after treated for 10, 3 0 , 6 0 m i n and 7 0 hr with aqueous 0.1 M D-histidine
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Figure 5.19. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M L-leucine
1-4 -

Wavelength (nm)

Figure 5.20. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30,60 min and 70 hr with aqueous 0.1 M D-leucine
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Figure 5.21. UV-Visible spectra of an optically active P O M A (EB)filmbefore
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M
L-phenylalanine
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Figure 5.22. UV-Visible spectra of an optically active P O M A (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M
D-phenylalanine
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Figure 5.23. UV-Visible spectra of an optically active POMA (EB) film before
and after treated for 10, 30, 60 min and 70 hr with aqueous 0.1 M D-proline

The corresponding CD spectra during treatment with the aqueous amino acids

showed more distinctive spectral changes with time (Figures 5.24 - 5.30). Thes
confirmed the interaction of each amino acid with POMA (EB). However, the
rather complex CD spectral changes, including the relatively strong CD bands

generally observed after 70 hr treatment, are difficult to interpret at the m
level.
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-40J
Wavelength (nm)
Figure 5.24. C D spectra of an optically active P O M A (EB) film after treated for
10, 30, 60 min and 70 hr with aqueous 0.1 M L-histidine
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Figure 5.25. C D spectra of an optically active P O M A (EB)filmafter treated for
10, 30, 60 min and 70 hr with aqueous 0.1 M D-histidine

Figure 5.26. C D spectra of an optically active P O M A (EB)filmafter treated for
10, 30,60 min and 70 hr with aqueous 0.1 M L-leucine
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Figure 5.27. C D spectra of an optically active P O M A (EB)filmafter treated for
10, 30, 60 min and 70 hr with aqueous 0.1 M D-leucine

Wavelength (nm)
Figure 5.28. C D spectra of an optically active P O M A (EB)filmafter treated for
10, 30,60 min and 70 hr with aqueous 0.1 M L-phenylalanine
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Wavelength (nm)
Figure 5.29. C D spectra of an optically active P O M A (EB)filmafter treated for
10, 30, 60 min and 70 hr with aqueous 0.1 M D-phenylalanine
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Figure 5.30. CD spectra of an optically active POMA (EB) film after treate
10, 30,60 min and 70 hr with aqueous 0.1 M D-proline
148

Chapter 5: Chiral Recognition Using Optically Active Polyanilines

Spectral/Stereochemical Changes on Standing POMA (EB) Films

Most dramatic were the changes observed in the UV-Visible and CD spectra of
the POMA (EB) films after their removal from the amino acid solutions and

being left to stand on the open bench for 3 weeks. From the UV-Visible spec
in Figures 5.31 - 5.37, it is seen that in each case the original exciton

undergone a significant red shift (A ranging from 40 to 120 nm; see Table 5

The original n - n * band also underwent a s mall red shift in each case, a

weak shoulder generally appeared at ca. 440 nm. These changes are consiste
each case with a small amount of doping of the original POMA (EB) by the

amino acid. However, the majority of the POMA is clearly still in the EB fo
modified by interaction with the amino acid.

Amino Acid

Red shift of exciton band, A (nm)

L-histidine

120

D-histidine

130

L-leucine

60

D-leucine

40

L-phenylalanine

120

D-phenylalanine

70

St

D-proline

75

Table 5.1. Red shifts (A) of the original P O M A (EB) exciton band upon 70 hr

treatment with 0.10 M aqueous amino acids, followed by standing for 3 weeks
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Figure 5.31. UV-Visible spectra of an optically active P O M A (EB) film after

treatment with aqueous 0.1 M L-histidine, and then left standing for 3 w

-EB(POMA)
- after 3 weeks in air
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Figure 5.32. UV-Visible spectra of an optically active P O M A (EB) film after

treatment with aqueous 0.1 M D-histidine, and then left standing for 3 we
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Figure 5.33. UV-Visible spectra of an optically active P O M A (EB) film after
treatment with aqueous 0.1 M L-leucine, and then left standing for 3 weeks
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Figure 5.34. UV-Visible spectra of an optically active P O M A (EB) film after
treatment with aqueous 0.1 M D-leucine, and then left standing for 3 weeks
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•EB(POMA)
-after 3 weeks in air
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Figure 5.35. UV-Visible spectra of an optically active P O M A (EB) film after
treatment with aqueous 0.1 M L-phenylalanine, and then left standing for 3
weeks
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Figure 5.36. UV-Visible spectra of an optically active P O M A (EB) film after
treatment with aqueous 0.1 M D-phenylalanine, and then left standing for 3
weeks
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Figure 5.37. UV-Visible spectra of an optically active P O M A (EB) film after
treatment with aqueous 0.1 M D-proline, and then left standing for 3 weeks

The corresponding CD spectra (Figures 5.38 - 5.44) after 3 weeks standing ar

consistent with their UV-Visible spectra. For example, the CD spectrum of th

POMA (EB) film treated with L-leucine (Figure 5.40) exhibited CD bands at ca

345 and ca. 640 nm, consistent with the absorption bands observed at 340 and
640 nm (Figure 5.33). Similarly, the CD spectrum of the POMA (EB) film

treated with L-histidine (Figure 5.38) showed CD bands at ca. 345 and 680 nm

corresponding to its absorption bands at ca. 345 and 700 nm. These CD spectr
like the UV-Visible spectra, are therefore consistent with POMA (EB) films

have been modified (e.g. partially doped) by interaction with the amino acid
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Figure 5.38. C D spectra of an optically active P O M A (EB)filmafter treatment
with aqueous 0.1 M L-histidine, and then left standing for 3 weeks
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Figure 5.39. C D spectra of an optically active P O M A (EB)filmafter treatment
with aqueous 0.1 M D-histidine, and then left standing for 3 weeks
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Figure 5.40. C D spectra of an optically active P O M A (EB)filmafter treatment
with aqueous 0.1 M L-leucine, and then left standing for 3 weeks
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Figure 5.41. C D spectra of an optically active P O M A (EB)filmafter treatment
with aqueous 0.1 M D-leucine, and then left standing for 3 weeks
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Figure 5.42. C D spectra of an optically active P O M A (EB) film after treatment
with aqueous 0.1 M L-phenylalanine, and then left standing for 3 weeks
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Figure 5.43. C D spectra of an optically active P O M A (EB) film after treatment
with aqueous 0.1 M D-phenylalanine, and then left standing for 3 weeks
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Figure 5.44. C D spectra of an optically active P O M A (EB) film after treatment
with aqueous 0.1 M D-proline, and then left standing for 3 weeks

In contrast to the optically active PAn (EB) films described previously in S
5.3.1, the C D spectra of these partially doped/modified P O M A (EB)filmsdo not
exhibit bisignate C D signals. This indicates that the chromophores involved
(benzenoid and modified quinoid units) are no longer exciton coupled. This m a y
due to either (i) more planar P O M A (EB) chains and therefore better n conjugation, resulting in the loss of intrachain exciton coupling, and/or (ii) a
larger separation between adjacent P O M A chains, resulting in the loss of
interchain exciton coupling. Increased separation between the P O M A chains is
consistent with the insertion of the amino acids between the P O M A layers. The
interaction of the amino acids with the P O M A (EB) backbone m a y involve
various components. These could include H-bonding between the E B amine
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(-NH) and imine (-N=) sites and amino acid sites such as - C O O H and -NH 2

groups, or with the imidazole amine centers in the histidine case (see

for amino acid structures). In particular, H-bonding between the amino

COOH hydrogen atom and POMA (EB) imine nitrogen centers, may provide t

equivalent of "pseudo acid doping", giving rise to the red shifts obse
POMA (EB) exciton band after the amino acid treatments.

R
,*NH2

H

HOOC—C'S
N

R =

H

V

C

COOH

NH,

(CH 3 ) 2 CHCH 2

leucine

r^

phenylalanine

CK

,7S

histidine

N
H
proline
N

^COOH

H
Figure 5.45. Structures of amino acids employed in this study
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The CD spectra recorded for the films after 3 weeks standing (Figures 5.38 5.44) also exhibit much higher intensity for the CD bands compared to when the
films were withdrawn from the amino acid solutions after 70 hr treatment
(compare with CD spectra in Figures 5.24 - 5.30). They are also much more
intense than the initial untreated POMA (EB) films (shown also in Figures 5.385.44), which (as noted earlier) are almost racemic. A measure of the extent of

chiral induction caused by the long-term interaction of the amino acids with the
POMA (EB) can be obtained from the chiral anisotropy factors (g = As/s)

calculated for these films. For example, comparison of Figures 5.33 and 5.40 for
the POMA (EB) film treated with L-leucine, gives a As/e value of ca. 1.0 % for

the 7i-7i* absorption band at ca. 340 nm. This is much higher than the As/s valu
of ca. 0.02 % calculated for a typical POMA (EB) prior to treatment with amino
acids. It is of comparable magnitude to the As/s value (ca. 1.0 %) determined
earlier in Section 5.3.1 above for highly optically active PAn (EB) films.

Changes in Chiroptical Properties of Optically Active POMA Films on Long
Standing
When the above films of chiral, partially doped POMA were left on the bench in
the open air for a further 7 weeks (i.e. a total of 10 weeks after removal from
aqueous amino acid solutions), only small further changes occurred in their UVVisible spectra (shown in Figure 5.56). In some cases, comparison with their 3
week old spectra in Figures 5.31-5.37 revealed a small red shift in A.max for the
exciton band. These changes are summarized in Table 5.2. They suggest a small
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amount of additional doping of the E B films by the amino acids during the
additional 7 weeks in the solid state.
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Figure 5.46. UV-Visible spectra of the partially doped chiral POMA (EB) films

after treatment with various amino acid solutions (0.1 M), and then left standi
for 10 weeks
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A-max (exciton band) (nm)

^max (exciton band) (nm)

A m i n o acids

3 weeks

10 weeks

D-proline

655

685

L-histidine

700

695

D-histidine

710

690

L-leucine

640

675

D-leucine

620

640

L-phenylalanine

700

700

D-phenylalanine

645

655

Table 5.2. Changes in A.max for the exciton band of the chiral P O M A / a m i n o acid
films on long standing

Surprisingly, however, the CD spectra of each POMA films after 10 weeks
standing were approximately inverted compared to those recorded after 3 weeks.
This is clearly seen from the comparison of the CD spectra shown in Figures 5.
57 - 5.63. This approximately inversion CD signals upon standing in the solid
state is unprecedented for chiral conducting polymers.
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•3 weeks in air
• 10 weeks in air
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Figure 5.47. C D spectra of P O M A (EB)filmspartially doped with L-histidine,
measured after 3 and 10 weeks standing in air
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Figure 5.48. C D spectra of P O M A (EB)filmspartially doped with D-histidine,
measured after 3 and 10 weeks standing in air
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Figure 5.49. C D spectra of P O M A (EB) films partially doped with L-leucine,
measured after 3 and 10 weeks standing in air
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Figure 5.50. C D spectra of P O M A (EB) films partially doped with D-leucine,
measured after 3 and 10 weeks standing in air
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Figure 5.51. C D spectra of P O M A

(EB) films partially doped with

L-phenylalanine, measured after 3 and 10 weeks standing in air
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Figure 5.52. C D spectra of P O M A

-10 weeks in air

(EB) films partially doped with

D-phenylalanine, measured after 3 and 10 weeks standing in air
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Wavelength (nm)
Figure 5.53. CD spectra of POMA (EB) films partially doped with
D-proline, measured after 3 and 10 weeks standing in air

As discussed above in Section 5.3.2 (spectral/stereochemical changes on standing
P O M A (EB) films), the optical activity observed for the 3 weeks old P O M A
films is believed to arise from chiral induction by the amino acids causing either:
(i) the preferential adoption of a one-handed helical conformation by the P O M A
chains, or (ii) the preferential formation of one hand of a chiral supramolecular
aggregate. The approximately inversion of the C D signals for the films after a
further 7 weeks standing suggests an inversion of the handedness of such helical
P O M A chains or chiral supramolecular aggregates.

The cause of this structural change is uncertain at present, but may arise from t
loss of water molecules from the partially doped P O M A (EB) films upon long
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standing in air. The related PAn (EB) is known from several studies [24-27]
contain c onsiderable quantities o f b ound water (up to 1 5 % w/w). It has

suggested [25, 26] that in PAn (EB) stored in the air, there are up to 4 wat

molecules bound per tetramer repeat unit. These water molecules are believed

be bound by H-bonding to amine (-NH) and imine (-N=) sites on the EB chains.

Figure 5.64 shows a structure suggested by Matveera et al. [26]. These autho

reported that there are two types of mobile (reversibly absorbed) water mole
in PAn (EB):
(i) the first type can be removed by a flow of nitrogen at room
temperature (activation energy of 5 kcal/mole),
(ii) a s econd more strongly absorbed type that requires heating at 70° 150° C for removal (activation energy of 15 - 18 kcal/mole).

The presence/absence of moisture also causes changes to the X-ray diffractio
patterns of PAn (EB), including structural changes [27].
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Figure 5.54. Types of reversibly bound water in PAn (EB)
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Similar variable quantities/types of bound water are likely to be present in
POMA (EB). Upon first removal from the aqueous amino acid solutions, the
POMA films would contain very substantial quantities of water. Gradual desorption of the less strongly bound water molecules would be expected upon long

standing in the air, leading to structural changes responsible for the changes i
the CD spectra. This hypothesis could not be tested in this thesis, as the water
contents of the original POMA (EB) were not recorded, and there was
insufficient time to repeat the time consuming experiments.

5.4 Conclusions
Highly optically active PAn (EB) films (with As/s ca. 1.0 %) can be made by the
alkaline (1.0 M NH4OH) de-doping of electrochemically deposited PAn.(+)HCSA emeraldine salt films. UV-Visible and CD spectral studies show that these
electrochemically produced PAn (EB) films do not react with a range of amino
acids. This behavior contrasts with that of chemically produced PAn (EB) films
previously reported by Kaner et al. [13], where partial doping occurred with
amino acids such as L-phenylalanine.

Similar alkaline de-doping of electrochemically deposited POMA.(+)-HCSA
gives blue POMA (EB) films. However, their CD spectra show that these POMA
emeraldine base films are largely racemic (As/s ca. 0.02 %). UV-Visible and CD
spectral studies show that they undergo slow (70 hr) partial doping when placed
in 0.10 M aqueous solutions of a range of amino acids.
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Upon removal from the amino acid solutions and standing for 3 weeks, the films
develop very intense CD spectra (As/s ca. 1.0 %). Mirror imaged CD spectra are
observed for POMA (EB) films treated with enantiomeric amino acids such as Dand L-phenylalanine. This indicates strong chiral induction by the enantiomeric
amino acids on the POMA (EB) chains caused by specific interactions such as Hbonding.

Upon standing in the air for a further 7 weeks, the partially doped POMA (EB)
films undergo a remarkable approximate inversion of their CD signals. This is
believed to arise from structural changes caused by the gradual loss of water
molecules originally H-bonding to the emeraldine base chains. This hypothesis
will need to be tested with further studies.
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CHAPTER 6
Polymerization of Aniline in the Presence of
Hydroxypropyl-(3-Cyclodextrin (HP-P-CD)

6.1 Introduction
Cyclodextrins are chiral, cyclic oligosaccharides shaped like a truncated cone.
They are composed of six or more D-glucose residues, and are named
a-cyclodextrin (six glucose residues), P-cyclodextrin (seven glucose residues)
and y-cyclodextrin (eight glucose residues), respectively (Figure 6.1).

Figure 6.1. Structures of cyclodextrins [1]

There are primary hydroxyl groups on the narrower rim of the cyclodextrin
cavity, whereas secondary hydroxyl groups are on the wider rim of the
cyclodextrin cavity (Figures 6.1 and 6.2). The numbers of the primary and
secondary hydroxyl groups are one and two, respectively, per glucose unit in the
i
cyclodextrin. Because of the presence of the hydrophilic hydroxyl groups at the
two ends of the cavity, cyclodextrins are soluble in water. Due to the
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hydrophobicity of the cavity interior, however, hydrophobic molecules can be
bound into the cavity when the molecules have dimensions comparable with the

cavity size [2-7]. The diameter of the wide opening is 7.0 A for p-cyclodextrin

(Figure 6.2 d), while a- and y-cyclodextrins have openings of 4.5 A and ca. 8.
A, respectively.

(a)

(b)

(c)

(d)

Figure 6.2. Molecular model of p-cyclodextrin: (a) top view, (b) bottom view,
(c) side view (white, red and blue balls represent carbon, oxygen and hydrogen
atoms, respectively) and (d) topology
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In liquid and solid phases, a wide range of organic and inorganic molecules of
appropriate size can be incorporated into the cyclodextrin cavity to form
inclusion complexes. The incorporated compounds and cyclodextrins are referred
to as guest and host, respectively. On the basis of hydrophobic, van der Waals
and hydrogen bonding interactions, a host-guest inclusion complexation is

believed to occur. Usually, a single guest molecule is encapsulated into the cavit
of a single cyclodextrin molecule to form a 1:1 inclusion complex. Cyclodextrin
inclusion c ompounds are o f i nterest f or a wide variety of applications ranging

from drug delivery [6], to water purification [8] and chiral selectors in capillar
electrophoresis [9].

The formation of an inclusion complex is very sensitive to the size, shape,
position of substituent(s) and the hydrophobicity of the guest molecules [2, 3],
which have included a range of aromatic molecules. Substituted cyclodextrin
hosts, such as hydroxypropyl-P-cyclodextrin (HP-p-CD), have also been studied
because of advantages such as enhanced solubility in water and/or organic
solvents [6, 10].

Since the report in 1990 by Harada [11] of the inclusion of poly(ethyleneglycol)
into a-cyclodextrin, a variety of polymer inclusion compounds have also been
prepared from cyclodextrins. Very recently, Yoshida et al. [1] have reported
inclusion complex formation between p-cyclodextrin and the emeraldine base
form of polyaniline. In another recent reports, Lagrost et al. [12, 13] have
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employed host-guest complexation between bithiophene and HP-P-CD to
permit the oxidative polymerization of this dimmer to poly(bithiophene) in
aqueous medium.

There have been extensive studies of the inclusion of aniline and substituted
anilines into cyclodextrins [1, 14-17]. Aniline is known to have a preference for
binding to P-cyclodextrins [16, 17]. However, to date there have been no reports
of the polymerization of aniline in the presence of cyclodextrins.

In this chapter, the ability to electropolymerize acidic solutions of aniline
monomer in the presence of aqueous hydroxypropyl-p-cyclodextrin (HP-P-CD)
is investigated. As well as exploring the influence of host-guest complexation on
the ease of electropolymerization, the influence on the structure of the

emeraldine s alt ( PAn.HA) p roducts i s a lso examined. 11 w as h ypothesized t ha
inclusion of the aniline monomer substrate in the HP-p-CD may hinder ortho- or
meta-coupling, which leads to undesirable branching in polyaniline products. It
was therefore hoped that this approach may lead to superior forms of PAn.HA
emeraldine salts.

6.2 Experimental
6.2.1 Materials
Hydroxypropyl-p-cyclodextrin and a-cyclodextrin used in this study were
purchased from Research Plus, Inc. (USA).
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6.2.2 Electrochemical Polymerization of Aniline in the Presence of
Hydroxypropyl-yff-CycIodextrin (HP-P-CD)
Emeraldine salt films of the type PAn.HCl and PAn.(+)-HCSA were generally
grown galvanostatically on indium-tin-oxide (ITO)-coated glass working
electrodes, employing an aniline monomer concentration of 0.2 M and aqueous
1.0 M acid (HC1 or (+)-HCSA). Reticulated vitreous carbon (RVC) was used as

the auxiliary electrode and Ag/AgCl as the reference electrode. The potential w
cycled at 50 mV/s between - 0.20 and 1.00 V for 15 cycles. The concentration of
HP-P-CD was varied between zero and 0.08 M, while in another set of
experiments the initial aniline concentration was varied from 0.02 to 0.40 M.

PAn.(+)-HCSA films were also in one instance potentiostatically deposited using
an applied potential of 1.1 V (vs Ag/AgCl) and 120 mC/cm2 charge passed,
employing an aqueous solution of 0.2 M aniline (monomer), with the presence of
various concentrations of HP-P-CD and 1.0 M acid [HA = HC1 and
(+)-camphorsulfonic acid (HCSA)] as the polymerization solution. The films
were then washed with methanol to remove any excess HP-p-CD or dopant acid
left on the surface, before measuring their spectroscopic properties.

176

Chapter 6: Polymerization of Aniline in the Presence of HP-P-CD

6.2.3 Cyclic Voltammetric Studies of Aniline Polymerization in the Presence
of Hydroxypropyl-/?-Cyclodextrin
Cyclic voltammograms were recorded during the potentiodynamic deposition of
emeraldine salt product by scanning the potential between - 0.2 V and + 1.2 V
(vs Ag/AgCl) with a scan rate of 50 mV/s in 1.0 M acid solution.

6.2.4 Spectroscopic Characterization
The UV-Visible-Near Infrared and CD spectra of the deposited PAn.HA
emeraldine salt films were recorded using the methods described in Chapter 2.

6.3 Results and Discussion
6.3.1 Hypothesis

The first (and rate-determining) step in the electropolymerization of aniline i
aqueous acid is believed [18-20] to be the formation of the radical cation of
aniline at the electrode surface (Scheme 6.1). The N- and para-forms of the
radical are known to dominate [18-20]. The head-to-tail coupling o f these two
radicals then commences the process of polyaniline chain development.
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Scheme 6.1. Resonance forms of the aniline radical cation

Unfortunately, orr/jo-coupling involving the ortho-form of the anilinium radical,
also occurs to a certain extent [18-20]. This results in some branching in the
polyaniline produced, causing a decrease in the electrical conductivity of the

emeraldine salt products. There is therefore considerable interest in reducing th
above ortho-coupling during aniline electropolymerization.

Arenes, such as aniline, are well k n o w n [14-17] to readily form inclusion
complexes with p-cyclodextrins, as shown in Scheme 6.2. For example, the
equilibrium constant for formation of the inclusion complex between aniline and

P-cyclodextrin is ca. 150 [14, 15]. Recent studies [12] with the related substitu
HP-p-CD indicate that the presence of the hydroxypropyl substituent on the

upper rim of the cyclodextrin host does not greatly effect its complexing ability
(K) related substrate hosts such as bithiophene.
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Scheme 6.2. Formation of an inclusion complex of aniline with P-cyclodextrin

The present studies of the electropolymerization of aniline in the presence of
HP-P-CD were carried out to determine whether encapsulation of the aniline
monomer in the P-cyclodextrin cavity would retard the formation of the orthoform of the anilinium radical in Scheme 6.1, and hence lead to more stereo
regular emeraldine salt products. Literature reports [16, 17] had indicated the
success of this approach in electrophilic aromatic substitutions of substituted
arenes such as anisole and phenols. Here, suppression of electrophilic attack on

the ortho- position of the arene substrate led to almost exclusive ;?ara-couplin
[16, 17]. In the case of phenols as substrate [17], quite low [p-CD] / [phenol]
ratios (even 0.03), were sufficient.

6.3.2 Electrosynthesis of PAn.HCl Films in the Presence of HP-p-CD
The potentiodynamic polymerization of aniline (0.2 M) occurred readily in
aqueous 1.0 M HC1, depositing a green film of PAn.HCl emeraldine salt on the
ITO-coated glass electrode (see Experimental for conditions). The UV-VisibleNIR spectrum (Figure 6.3 a) showed bands at ca. 330 (a), 440 (b) and 825 (c)
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nm, assigned as a n - %* band and low and high wavelength polaron bands,

respectively. The presence of the localized polaron band at 825 nm, in partic
is characteristic of an emeraldine salt in the "compact coil" conformation.

300

800

1300

1800

2300

wavelength (nm)

Figure 6.3a. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically

grown with no HP-P-CD present (scan rate of 50 mV/s, potential range - 0.2 to
1.0 V)

Analogous potentiodynamic polymerizations (15 potential cycles between - 0.2

and 1.0 V in each case) in the presence of HP-P-CD ([HP-P-CD] = 0.002 - 0.0

M) also gave PAn.HCl salt films. However, the thickness of the deposited film
decreased with increasing HP-P-CD concentration (especially for [HP-P-CD] >
0.03 M), as evidenced by the decreasing intensity of the absorption bands

observed in Figures 6.3 b-f. There was also a gradual red shift in the posit

the high wavelength polaron band from ca. 825 nm in the absence of HP-p-CD to
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ca. 970 n m when [HP-p-CD] = 0.04 M , suggesting a trend towards a more

"extended coil" conformation for the polyaniline chains grown in the presence
HP-P-CD.

in

.a
<
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800

1300

1800

2300

wavelength (nm)

Figure 6.3b-f. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
grown when [HP-0-CD] = (b) 0.002 M, (c) 0.02 M, (d) 0.03 M, (e) 0.04 M and
(f) 0.05 M (scan rate/potential range the same as for Figure 6.3a)

The PAn.HCl film grown in the presence of 0.05 M HP-P-CD also showed a

peak at ca. 560 nm, suggesting that partial de-doping of the emeraldine sal
give emeraldine base occurred upon water washing in this case.

181

Chapter 6: Polymerization of Aniline in the Presence of HP-P-CD

The above tendency to deposit PAn.HCl emeraldine salts with a more "extended
coil" conformation for their polyaniline chains in the presence of increasing
concentrations of HP-P-CD was confirmed in further potentiodynamic
polymerizations in which [HP-P-CD] was varied from zero to 0.07 M. As seen in
Figure 6.4 the intensity of the near infrared absorption (considered diagnostic
an "extended coil" conformation) progressively increased in comparison to the
polaron band at ca. 1000 nm with increasing [HP-P-CD]. Film deposition was
observed to become significantly less efficient when [HP-P-CD] > 0.03 M was
present, as shown by the less intensity spectra observed (see Figure 6.4). Most

significantly, no polyaniline film deposition at all was observed when [HP-P-CD]
= 0.07 M.
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Figure 6.4. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the presence of HP-P-CD, when [HP-P-CD] = (a) 0.00 M, (b) 0.002
M, (c) 0.02 M, (d) 0.03 M, (e) 0.04 M, (f) 0.05 M and (g) 0.07 M (scan rate 50
mV/s, potential range - 0.2 to 1.0 V)

6.3.2.1 Influence of Aniline M o n o m e r Concentration
The influence of the aniline monomer concentration on the potentiodynamic
deposition of PAn.HCl films was examined in two series of experiments: (i) the
absence of HP-P-CD (with [aniline] varying between 0.02 M and 0.40 M), and
(ii) in the presence of 0.012 M HP-P-CD (with [aniline] = 0.10 M and 0.40 M).
The UV-Visible-NIR spectra for the PAn.HCl films grown in the absence of
HP-P-CD (Figure 6.5) showed increasing film thickness (more intense
absorption) with increasing [aniline]. This trend was also observed in the
presence of added H P - P - C D (0.012 M ) (Figure 6.6).
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Figure 6.5. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the absence of HP-P-CD with varying concentrations of aniline
monomer, when [aniline] = (a) 0.02 M, (b) 0.05 M, (c) 0.10 M and (d) 0.40 M
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Figure 6.6. UV-Visible-NIR spectra of PAn.HCl potentiodynamically deposited
in the presence of 0.012 M HP-p-CD with varying [aniline]
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Interestingly, for the experiment with the highest [HP-P-CD] / [aniline] ratio
([HP-P-CD] = 0.012 M, [aniline] = 0.10 M), the UV-Visible spectrum of the
polyaniline product was seen (Figure 6.6) to have two distinct components.
While the absorption band at ca. 955 nm may be assigned to the expected
PAn.HCl product, the band at ca. 670 nm is at too low a wavelength for an
emeraldine salt. It may arise from the presence of deprotonated emeraldine base
in the product. A similar feature was previously noted in Figure 6.3f for the

related electropolymerization using [aniline] = 0.20 M in the run with the highest
[HP-P-CD] / [aniline] ratio ([HP-P-CD] = 0.05 M, [aniline] = 0.20 M).

The reason for the production of appreciable amounts of emeraldine base in the
electropolymerizations employing the highest [HP-P-CD] / [aniline] ratios is
uncertain. It may arise from the highest percentage of the aniline monomer
encapsulated in the HP-p-CD cavity under these c onditions, and a preferential
stabilization of the neutral, more hydrophobic emeraldine base product in the
cavity rather than the more hydrophilic emeraldine salt product.

6.3.3 Electrosynthesis of PAn,(+)-HCSA Films in the Presence of HP-P-CD
Related PAn.(+)-HCSA emeraldine salt films could also be potentiodynamically
deposited on ITO-coated glass working electrodes using identical conditions to
those employed above for the PAn.HCl salts, using 0.2 M aniline monomer and
aqueous 1.0 M (+)-HCSA as the dopant acid. Figure 6.7 shows the UV-VisibleNIR spectra obtained for films grown with [HP-p-CD] = 0.00 - 0.08 M. The
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spectra exhibited similar ^ max for [HP-p-CD] = 0.00 - 0.03 M , indicating little
change in polymer chain conformation along the series. However, an important
observation was the almost complete prevention of polymerization by the
presence of [HP-P-CD] > 0.04 M (no absorption bands observed in Figure 6.7).
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1300

1800

2300

wavelength (nm)
Figure 6.7. UV-Visible-NIR spectra for PAn.(+)-HCSA films
potentiodynamically deposited in the presence of varying [HP-p-CD]

Hindrance to the formation of electrically conducting PAn.(+)-HCSA films in th
presence of [HP-P-CD] > 0.04 M was confirmed by the small currents generated
in voltammograms recorded during such electropolymerizations (e.g. Figure 6.8

for [HP-P-CD] = 0.05 M). This contrasts with the much higher currents observed
in voltammograms recorded at lower HP-p-CD concentrations.
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Figure 6.8. Cyclic voltammograms during the potentiodynamic growth of
PAn.(+)-HCSA in the presence of aqueous 0.05 M HP-p-CD on an ITO-coated
glass electrode, using a scan rate of 50 mV s"1 for 15 scans ([aniline] = 0.20
[HCSA] = 1.0 M)

PAn.(+)-HCSA films were also deposited potentiostatically on ITO-coated glass
by polymerizing aniline (0.2 M) in the presence of 1.0 M (+)-HCSA, using an
applied potential of 1.1 V (vs Ag/AgCl). The UV-Visible-NIR spectra of such
films (120 mC/cm2 charge passed in each case) grown in the presence of varying
concentrations of HP-P-CD are shown in Figure 6.9. The spectra obtained

indicate similar conformations for the polyaniline chains in each of these fil

Circular dichroism spectra (Figure 6.10) confirmed that the PAn.(+)-HCSA films

were optically active in each case, suggesting that the presence of the chiral

HCSA acid dopant induces chirality into the polyaniline chains. The very simil
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C D spectra again indicated little change in the conformation of the polyaniline
chains in the PAn.(+)-HCSA salts formed w h e n [HP-p-CD] was varied from 0.00
- 0.03 M .

•(a) 0005 M
•(b) 0.01 M
•(c) 0.02 M
-(d) 0.03 M
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wavelength (nm)

Figure 6.10. CD spectra of PAn.(+)-HCSA films potentiodynamically deposited
in the presence of varying concentrations of HP-p-CD

6.3.4 Electrosynthesis of PAn.HCl Films in the Presence of a-Cyclodextrin
Previous studies [16, 17] have shown that the smaller a-cyclodextrin (4.5 A)

compared to p-cyclodextrin (7.0 A) results in it forming a much weaker inclusi
complex with aniline than does p-cyclodextrin (K * 150). That is, one would
expect that a-cyclodextrin would not be able to accommodate either the aniline

monomer or a polyaniline species within its cup. Not surprisingly, therefore, i
was found that the presence of up to 0.08 M a-cyclodextrin did not hinder the
potentiodynamic deposition of PAn.HCl films from 0.2 M aniline / 1.0 M HC1
reaction solution (Figure 6.11).
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Figure 6.11. UV-Visible-NIR spectra of PAn.HCl films potentiodynamically
deposited in the presence of varying concentrations of a-cyclodextrin

6.3.5 Mechanism of Electropolymerization of Aniline in the Presence of
HP-P-CD
The above results show that the presence of HP-p-CD during the

electropolymerization of aniline in aqueous acid (HA) influences the structure
the PAn.HA (HA = HC1 or (+)-HCSA) emeraldine salts formed. Increasing the

[HP-p-CD] / [aniline] ratio led in general to a red shift in the high wavelengt
polaron band of the PAn.HA, suggesting an increasing conjugation length and/or
a more "extended coil" conformation for the polyaniline chains.
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Most dramatic, however, was the failure to deposit any emeraldine salts when
attempting to electropolymerize aniline (0.20 M) with [HP-p-CD] > 0.04 M. This
prevented the examination of the electrodepositing of PAn.HA salt with
[HP-P-CD] / [aniline] ratios > 0.25.

This result was unexpected, since at these HP-P-CD concentrations there would
still be considerable free aniline available. For example, for polymerizations
carried out with [HP-p-CD] = 0.05 M, using the equilibrium constant (K) of 150
reported [14, 15] for formation of the aniline / HP-p-CD inclusion complex in
Scheme 6.2, one calculates a "free" aniline concentration of 0.152 M. Why the
presence of the HP-P-CD causes this retardation of the electropolymerization of

aniline is uncertain. It is possible that it may be associated with the formation
emeraldine base products at the higher [HP-P-CD] / [aniline] ratios employed.

This form of aniline is an insulator and the deposition of this on the ITO-coated
glass working electrode would prevent further electrodeposition.

6.4 Conclusions
Analogous potentiodynamic polymerizations in the presence of HP-P-CD
([HP-P-CD] = 0.002 - 0.070 M) gave PAn.HCl salt films. However, the
thickness of the deposited films decreased with increasing HP-P-CD
concentration as evidenced by the decreasing intensity of the absorption bands.
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The gradual red shift in the position of the high wavelength polaron band occur
with the increasing of HP-p-CD, suggesting a trend towards a more "extended

coil" conformation for the polyaniline chains grown in the presence of HP-P-CD.
However, no polyaniline film deposition was observed when the concentration of
HP-P-CD = 0.07 M.

The UV-Visible spectrum of polyaniline product with the highest [HP-P-CD] /

[aniline] ratio was seen to have two distinct components. The absorption band a
ca. 955 nm may be assigned to the expected PAn.HCl product, while the band at
ca. 670 nm is too low for an emeraldine salt. This may arise from the presence
deprotonated emeraldine base in the product.

The UV-Visible-NIR spectra of PAn.(+)-HCSA obtained for films grow with
[HP-p-CD] = 0.00 - 0.08 M show the expected results of optically active
PAn.(+)-HCSA. The presence of the chiral (+)-HCSA acid dopant induces
chirality into the polyaniline chains as indicate by their CD spectra. The
similarity in their CD spectra indicating that little change occur in polymer
conformation of the polyaniline chains in the PAn.(+)-HCSA salts formed when
[HP-P-CD] is varied from 0.00 - 0.03 M. However, the almost complete
prevention by the presence of [HP-p-CD] > 0.04 M was also observed.
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It was found that the presence of up to 0.08 M a-cyclodextrin did not hinder the
potentiodynamic deposition of PAn.HCl films. This is consistent with the smaller
cavity opening for a-cyclodextrin compared to HP-P-CD, hindering the
formation of a host-guest complex with aniline.
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CHAPTER 7
Synthesis and Redox and pH Behavior of
Polyaniline/Chitosan and PMAS/Chitosan Composites

7.1 Introduction

Chitosan was first described in the literature almost 100 years ago. It is obtai
by deacetylating the biopolymer, chitin, which is the second most abundant
polysaccharide [1, 2], found in association with proteins and minerals such as
calcium carbonate [3]. The sources of chitin differ somewhat in their structure
and percentage of chitin content.

Chitosan is often considered a cellulose derivative, although it does not occur i
organisms producing cellulose. It is a copolymer containing both /3-(l^4)-2acetamido-2-deoxy-D-glucose and ^-(l->4)-2-amino-2-deoxy-D-glucose units.

Its structure is shown in Figure 7.1 along with those of chitin and cellulose. Th
molecular weight of chitosan depends on its processing, being normally within

the range of 10,000 - 1 million Daltons. The mole fraction of deacetylated units,
defined as the degree of deacetylation, usually ranges from 70 to 90 percent.
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Figure 7.1. Structure of chitin, chitosan and cellulose
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Chitosan may be solubilized in dilute (e.g. 1-2 % v/v) acetic acid in aqueous
solution. From these solutions it is readily processed into films, beads and

sponges. E xtensive s tudies h ave b een c arried o ut o n a w ide r ange of p ot
applications such as food [4, 5], agriculture, cosmetic [6] and pharmaceutical
products [7-11]. For example, macroporous chitosan beads have been used for

controlled drug release [12, 13] and for the removal of heavy metals (e.g. Cd(II)

and Hg(II)) from waste water [14-20]. It is considered to have important potentia
as a biomaterial, including use in tissue engineering [21].

There may be several advantages in preparing composites of chitosan and a
conducting organic polymer (CEP). The good film/fiber forming characteristics
of the chitosan would be useful in such a CEP/chitosan composite, overcoming
the generally poor mechanical properties of CEP's. The attachment of an
electrically conducting CEP to the chitosan may also provide a novel means of
modifying/controlling (by electrical stimulus) the behavior of the chitosan in
applications such as controlled drug release.

The first (and only) report in the literature of the synthesis of hybrid
polyaniline/chitosan materials is a paper by Yang et al. in 1989. They reported
that the chemical oxidation (S2082- oxidant) of aniline in aqueous HC1 in the
presence of chitosan (dissolved in 2 % (w/w) acetic acid) gave a dark green

solution of a graft copolymer of polyaniline and chitosan, as shown in Figure 7.2
This proposed copolymer was soluble in aqueous solution and formed self-
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supporting materials, including thick films andfibers.In addition, the U V Visible spectrum obtained was similar to that of the protonically doped
emeraldine salt form of polyaniline (PAn.HA).
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Figure 7.2. Proposed structure of copolymer of polyaniline and chitosan [22]
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The chemical polymerization of pyrrole in the presence of chitosan has also bee
reported [23] to form chitosan-polypyrrole hybrid biomaterials.

In this chapter, the nature of the PAn.CHI composite of polyaniline and chitosan
formed via oxidation of aniline monomer/chitosan mixtures is further
investigated, using both chemical and electrochemical polymerization methods.
Analogous studies are also carried out on the oxidative polymerization of the
sulfonated aniline monomer, 2-methoxyaniline-5-sulfonic acid (MAS), in the
presence of chitosan. It was expected that the formation of the desired poly(2methoxyaniline-5-sulfonic acid)/chitosan (PMAS.CHI) composite would be
helped by acid-base interactions between the sulfonic acid (S03H) groups on the
PMAS chain and the chitosan chain amine (NH2) groups. Of particular interest

was also the possibility that such acid-base interactions would cause the chiral
chitosan moiety to induce optical activity into the PMAS chains. Such chiral
induction was recently observed by Strounina et al. [24] when PMAS(NH+) was
treated with chiral amines such as (+)-l-phenylethylamine.

Another major focus in this chapter is a study of the redox and pH behavior of
the above PAn.CHI and PMAS.CHI composites of polyaniline and PMAS with

chitosan. These studies reveal similarities and differences in behavior compare
to that previously observed with the parent polyaniline and PMAS emeraldine
salts.
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7.2 Experimental
7.2.1 Materials
Chitosan was purchased from Aldrich Chemical Co. and consisted of 85 %
de-acetylated material with a molecular weight of 75,000 Daltons. Poly(2methoxyaniline-5-sulfonic acid) (PMAS) was kindly provided by Mitsubishi
Rayon Ltd, Japan. Glacial acetic acid was purchased from Ajax Ltd.

7.2.2 Chitosan Film Preparation

Films of chitosan were made by evaporating a concentrated solution (2 %, w/w)

of chitosan in 2 % (v/v) acetic acid that had been pipetted onto ITO-coated g
by placing in an oven at 60° C for 30 min.

7.2.3 Chemical Synthesis of Polyaniline/Chitosan (PAn.CHI)

20 mL of 2 % (w/w) solution of chitosan was prepared by dissolving chitosan i

2 % (v/v) acetic acid. The solution was then stirred for several hrs before u

To the above solution, 20 mL of 0.2 M aniline in 1.0 M HC1 were added and the
temperature maintained between 0° and 2° C with stirring. An ammonium

persulfate solution (0.088 g) in 5 mL of 1.0 M HC1, giving an oxidant/monomer

molar ratio of 0.8, was then added dropwise using a burette over a 15 min per

The reaction mixture (containing ca. 0.9 % w/v chitosan) was then magneticall

stirred for 2 hrs in an ice bath to keep the polymerization temperature betwe
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0° and 2° C. The PAn.CHI product was obtained as a deep green
solution/dispertion.

7.2.4 Electrochemical Synthesis of PAn.CHI
Thin films of PAn.CHI were potentiodynamically deposited onto ITO-coated
glass working electrodes (surface resistivity 20 Q/cm"2, surface area 2.5 cm
Pt auxiliary electrodes. The polymerization solution was made up by mixing 10
mL of aqueous 0.2 M aniline/ 1.0 M HC1 with 10 mL of a 2 % (w/w) solution of
chitosan in 2 % (v/v) acetic acid. The potential limits for cycling were set
between - 0.2 and 1.2 V (vs Ag/AgCl), with a scan rate of 100 mV/s for 15
cycles.

The films were then left to dry in air before recording their UV-Visible and C
spectra.

7.2.5 Chemical Synthesis of PMAS/Chitosan (PMAS.CHI)

Chitosan (0.1 g) was dissolved in 20 mL of 2 % (v/v) acetic acid solution, and

the solution stirred for several hrs. To this solution, 5 g of 2-methoxyanili
sulfonic acid (MAS) monomer in 25 mL of water (dissolved by adding NH4OH

dropwise to this solution to keep the pH around 3.5) was then added with stir
The oxidant, 1.45 g of (NH4)2S208 in 7.5 mL of water, was then added slowly to

this solution. The reaction mixture (containing ca. 0.2 %, w/v) was left stir
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for 2 hr, giving a dark yellow/brown s olution or dispersion of the P M A S . C H I
composite.

7.2.6 Electrochemical Synthesis of P M A S . C H I
The electrochemical synthesis of PMAS.CHI was carried out using the flow-

through cell technique as illustrated in Figure 7.3. A high surface area mate
reticulated vitreous carbon (RVC), was employed for both the anode and

cathode, while Ag/AgCl was used as the reference electrode. The polymerizatio

solution, anolyte and catholyte, were recycled through the separate compartme
of the cell with a peristaltic pump.

Out

Cathode

In

Figure 7.3. Three-compartment electrochemical flow-through cell
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For the anolyte solution, 7.5 g of MAS monomer was dissolved in 75 mL of

water. To this solution 0.375 g of chitosan in 75 mL of 2 % (v/v) acetic aci
added to give 150 mL of the final solution. The catholyte solution contained
% (v/v) of ammonium hydroxide solution. The electrohydrodynamic
polymerization was then carried out using a constant current of 0.6 mA/cm
which was maintained for 24 hrs at a flow rate of 60 mL/min, giving a dark
brown solution/dispersion of the PMAS.CHI product.

7.2.7 Spectroscopic Characterization
The UV-Visible and CD spectra of the films and solutions of PAn.CHI and
PMAS.CHI were recorded using a Shimadzu UV-1601 spectrophotometer, while

CD spectra were recorded using a Jobin Yvon Dichrograph 6. All solutions were
filtered through a 0.45 ^i filter prior to measuring their spectra.

7.2.8 Chemical Oxidation and Reduction of PAn.CHI and PMAS.CHI
Solutions
Chemical reduction and oxidation of the above aqueous PAn.CHI and
PMAS.CHI solutions/dispersions were carried out with 2.50 mL of composite
sample. Hydrazine hydrate (0.1 M) was used as the reducing agent, while
ammonium persulfate (0.1 M) was used as the oxidant. The reductions and
oxidations were monitored with time via UV-Visible spectroscopy.
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7.3 Results and Discussion
7.3.1 Chemical Oxidation Route to PAn.CHI

A d ark g reen s olution/dispersion o f P An.CHI w as obtained a fter 2 h r r ea
from the chemical polymerization of 0.2 M aniline in 1.0 M HC1 mixed with 2 %

(w/w) chitosan in 2 % (v/v) acetic acid (see section 7.2.3). The emeraldine salt
nature of the product was confirmed from the UV-Visible spectrum (Figure 7.4)
of a diluted solution, which exhibited overlapping 71-71* and polaron band
transitions in the 330—440 nm region as well as a second high wavelength
polaron band at 780 nm.

The formation of a water soluble or dispersible emeraldine salt product when
aniline was oxidized in the presence of chitosan confirms that an interaction
occurred between the PAn and chitosan. Other emeraldine salts of the type
PAn.HA are typically insoluble in water. In their 1989 paper, Yang et al. [22]
suggested that the PAn.CHI product from this chemical oxidation route is block
co-polymer of the type shown in Figure 7.2. This involves a covalent bond
between the chitosan and the PAn. Another possibility is that the chitosan in

acidic conditions acts as an electrostatic polymeric stabilizer for the format
PAn.CHI colloids. Such stabilization of PAn colloids has been previously
achieved with a wide range of polymeric stabilizers [25].
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7.3.1.1 Alkaline De-doping of P A n . C H I

The addition of concentrated aqueous NH4OH (to give 0.1 M) to the above dil
solution of PAn.CHI caused a rapid color change from green to blue. The UV-

Visible spectrum (Figure 7.4) showed the disappearance of the initial emera

salt (ES) bands of the polyaniline at ca. 400 and 780 nm, and the appearanc
band at ca. 580 nm as expected for an emeraldine base (EB) product. This

alkaline de-doping behavior (Equation 7.1) parallels that of free polyanili
emeraldine salts (see Scheme 7.1).

PAn(ES).CHI +

P A n (EB).CHI

OH"

2.5

(7.1)

•PAn.CHI
•add 0.1 MNH40H

w
n
<

300
400
500
Wavelength (nm)

600

700

800

900

1000

1100

Figure 7.4. UV-Visible spectra of a PAn.CHI solution before and after addition
ofO.lMNILtOH
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Titration of PAn.CHI Solution with NH4OH
A further sample (2.5 mL) of the diluted PAn.CHI solution from section 7.3.1
above was titrated dropwise with concentrated NH4OH to give the corresponding

emeraldine base. The color and pH of the solution during titration are shown i
Table 7.1.

The UV-Visible spectra of the PAn.CHI solution during the titration are shown

Figure 7.5. This confirmed the expected change from the original emeraldine s

(ES) spectrum to that of emeraldine base (EB), as indicated by the growth of a
exciton band at ca. 600 nm and a lower wavelength Tt -Tt band ate a. 330 nm,
together with the disappearance of the original emeraldine salt (ES) bands.

Drops of cone. N H 4 O H added

Color

pH

0

green

0.5

1

green

1.0

4

green

1.0

7

green

1.0

12

green

1.5

17

green

5.5

18

green

6.0

19

blue

8.0

21

blue

9.5

23

blue

9.5

Table 7.1. The color and p H of a PAn.CHI solution during titration with N H 4 O H
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1100

Figure 7.5. UV-Visible spectra of a PAn.CHI solution during titration wit
NH4OH
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Scheme 7.1. Redox a n d p H switching of Polyaniline

7.3.1.2 Redox Switching of PAn.CHI in Aqueous Solution
PAn.CHI was also found to be readily and reversibly oxidized and reduced in
aqueous solution, as described in detail below:

Reduction of PAn.CHI in Base
A diluted solution of PAn.CHI (see Section 7.3.1) was converted to its
emeraldine base form {PAn (EB).CHI}by the addition of NH4OH (pH 7.5).
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Upon treatment with hydrazine hydrate (0.1 M), the pH increased to 9.5 and th

solution underwent a slow color change from blue to colorless over 30-50 min.
Successive UV-Visible spectra, shown in Figure 7.6, exhibited a decrease of

characteristic emeraldine base (EB) peak at ca. 630 nm with time as the solu
become colorless, while a peak grew at ca. 325 nm assigned to a Tt -^ Tt*
transition. These spectral changes are consistent with conversion of the EB
leucoemeraldine base (LB) form of the PAn.CHI composite (Equation 7.2). An

isobestic point was observed at ca. 375 nm, indicating a clean conversion. Th
reduction parallels that observed for free polyaniline emeraldine bases (See
Scheme 7.1).

PAn(EB).CHI + N2H4 • PAn(LB).CHI (7.2)

It should be noted that the exciton band of the emeraldine base (EB) observed
Figure 7.6 appeared at 630 nm, i.e. at a somewhat higher wavelength than the

600 nm band observed for EB in Figure 7.4. This suggests that conversion of t
PAn.CHI emeraldine salt to its emeraldine base form after initial NH4OH
treatment was not quit complete and required hydrazine to complete the
conversion.
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Figure 7.6. UV-Visible spectral changes during the reaction of PAn.CHI with
0.1 M hydrazine hydrate

Oxidation of PAn.CHI in Basic Solution
When the emeraldine base (EB) form of PAn.CHI (pH 8.0) was treated with 0.1
M (NFLO^Og, the aqueous solution changed color from blue to orange. The UVVisible spectral changes shown in Figure 7.7 revealed the rapid (1 min)

disappearance of the original emeraldine base (EB) exciton band at ca. 630 n
and the appearance of a band at ca. 510 nm. This change indicates formation
the fully oxidized pernigraniline base (PB) form of the PAn.CHI composite

(Equation 7.3). This oxidation is similar to that observed for free emeraldi
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bases (see Scheme 7.1), where the PB product is reported to have its ?imax at
nm [24].

PAn(EB).CHI + S2082" • PAn(PB).CHI (7.3)

Over the next 100 min, this 510 nm band of the PAn (PB).CHI product blue

shifted to ca. 475 nm and increased in intensity, with an isobestic point ob

at ca. 600 nm (Figure 7.7). The cause of these further spectral changes at l
times is uncertain, and are unprecedented in polyaniline chemistry.

A white precipitate of chitosan was formed after ca. 1 hr, supporting the
attachment of chitosan onto the polyaniline repeating unit in the original
PAn.CHI composite.

300

400
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700
800
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900

1000

1100

Figure 7.7. UV-Visible spectral changes of an aqueous solution of PAn.CHI
upon treatment with 0.1 M (NHLO2S2O8
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Oxidation of PAn.CHI in Acidic Solution
The oxidation of the emeraldine salt (ES) form of PAn.CHI (at its natural pH of
0.5) was also studied in 0.1 M (NH4)2S208. The spectral changes observed during
the oxidation, revealed two stages (Figure 7.8):

(1) The first stage showed the rapid (less than 2 min) disappearance of the
original polyaniline emeraldine salt (ES) bands at ca. 780 and 390 nm, and the

appearance of a peak at ca. 600 nm. The nature of the intermediate species giving

rise to the 600 nm band is uncertain, as the only polyaniline species reported in
the literature to have a band in this region is emeraldine base. However,
emeraldine base could not be formed in the acidic conditions employed in this
oxidation.

(2) The second stage showed a decrease of the above unknown species peak at
600 nm and the growth of a sharp peak at ca. 420 nm, with an isobestic point

observed at ca. 500 nm. The nature of this final product is also uncertain. It ma

arise from rapid hydrolysis of any fully oxidized pernigraniline formed, since t

latter species is reported [24] to be susceptible to hydrolysis in acidic conditi
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Figure 7.8. UV-Visible spectral changes of a PAn.CHI solution (pH 0.5) upon
addition of 0.1 M (NH^SA

7.3.2 Electrochemical Synthesis of P A n . C H I Films
The electrochemical synthesis of PAn.CHI was carried out by sweeping the
potential at a platinum electrode in an aqueous aniline (0.2 M) solution in

presence of 2 % (w/w) chitosan in 2 % (v/v) acetic acid and 1.0 M HC1, betwe
- 0.2 and + 1.2 V (vs Ag/AgCl). Cyclic voltammetry during polymer growth

(Figure 7.9) exhibited increasing currents with successive sweeps, confrrmin

deposition of a conducting polymer film. The first anodic wave in the cyclic
voltammetry showed a peak at ca. + 1.1 V, corresponding to the oxidation of

aniline monomer to its radical cation. The current/voltage profiles observed
subsequent scans can be attributed to polymer deposition. An oxidation peak

was observed at ca. + 0.25 V corresponding to the oxidation of the polyanili
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from its leucoemeraldine form to the emeraldine salt, while the second oxidation

peak (C) observed at ca. + 0.70 V may be attributed to further oxidation to th
pernigraniline form. The central oxidation peak (B) is also observed in the
potentiodynamic polymerization of aniline in the absence of chitosan and is

believed to be associated with decomposition of the pernigraniline product. T
peaks C, B' and A' in the cathodic sweeps are the corresponding reduction
waves.

<
£

-0.4

E(V)

Figure 7.9. Cyclic voltammograms obtained during the potentiodynamic growth
of PAn.CHI on a platinum electrode from a mixed aqueous 0.2 M aniline/1.0 M
HC1 and a 2 % w/w chitosan solution in 2 % v/v CH3COOH, using a scan rate of
100 m V s-1 for 15 scans
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The UV-Visible spectra of the PAn.CHI film obtained from the above
electrochemical synthesis showed the nature of the emeraldine salt product

(Figure 7.10), which exhibited characteristic Tt - Tt*, polaron - Tt* and Tt band transitions at 330, 440 and 860 nm, respectively.

The deposition of a PAn.CHI film in this electrochemical synthesis contrasts
with the water soluble or dispersible PAn.CHI composite formed via the
chemical synthesis route described earlier in Section 7.3.1. This may result

the higher localized reagent concentrations at the working electrode surface,
the formation of a higher molecular weight PAn polymer.
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800
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Figure 7.10. UV-Visible spectrum of the PAn.CHI film synthesized as in Figure
7.9
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7.3.3 Chemical Oxidation Route to P M A S . C H I
The Chemical oxidation of MAS monomer by 0.12 M S2082" in the presence of
chitosan (ca. 0.2 % w/v) gave a dark brown solution after 2 hr reaction (see
Section 7.2.5). The UV-Visible and CD spectra of a diluted PMAS.CHI solution
are presented in Figures 7.11 and 7.12, respectively. The UV-Visible spectrum
exhibited peaks at ca. 470, 390 and 320 nm characteristic [24] of PMAS.

Significantly, the corresponding CD spectrum (Figure 7.12) of the
polymerization solution showed that the chiral chitosan in the PMAS.CHI
composite had induced chirality into the polymer chains of PMAS. This may

result from the PMAS chains partially following the one-handed helical structu
of the chitosan. However, the low chiral anisotropy factor (g = As/e) of 0.03 %
calculated for the polaron chromophores at 470 nm (from absorption and CD

data in Figures 7.11 and 7.12) suggests that the degree of chiral induction is
small.

Previous studies by Strounina et al. [24, 26] have shown strong induction of

optical activity into the polymer chains of PMAS via the electrostatic attachm
of chiral ammonium ions such as (+)-l-phenylethylammonium or (+)-lcyclohexylethylammonium to sulfonate groups along the PMAS chains.

Similarly, the optical activity generated here (Figure 7.12) for the chemically
prepared PMAS.CHI composite is believed to arise from electrostatic binding of
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the chiral a m m o n i u m ion of chitosan to ionized sulfonated groups along the
PMAS polymer backbone, as depicted in Scheme 7.2.

co
<
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Figure 7.11. UV-Visible spectrum of P M A S . C H I solution prepared by oxidation
of MAS monomer with 0.12 M S2082" in the presence of 0.2 % w/v chitosan
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700

Wavelength (nm)

Figure 7.12. C D spectrum of chemically prepared P M A S . C H I solution from
Figure 7.11

S0 3 H

,S03H

S0 3 H

,S03H

S0 3 H

chitosan

H2N...HO3S

SO3H...NH2
chitosan

chitosan
S03H...NH2
H2N...H03S

chitosan

chitosan

Scheme 7.2. Preferential formation of a one-handed helix for P M A S via
attachment to chitosan in a PMAS.CHI composite
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7.3.4 Electrohydrodynamic Synthesis of PMAS.CHI
The electrohydrodynamic polymerization of MAS in the presence of chitosan

using the flow-through electrochemical cell and the conditions described i
Experimental 7.2.6 (anolyte: [MAS] = 0.25 M, 0.2 % (w/v) chitosan, 1% v/v
CH3COOH) gave a dark brown/green solution/dispersion of the PMAS.CHI after

24 hr. Successive UV-Visible spectra of the reaction solution recorded duri

the electropolymerization are shown in Figure 7.13. The increase in intens

the characteristic polaron band at 470 nm with increasing reaction time sho

that the PMAS polymer in its emeraldine salt form was successfully grown wi
time.

350

400

450
500
550
Wavelength (nm)

600

650

Figure 7.13. UV-Visible spectra of the P M A S . C H I solution obtained during the
electrohydrodynamic polymerization of MAS (0.25 M) in the presence of
chitosan (0.2 %, w/v)
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7.3.4.1 pH behavior of Electrohydrodynamically Generated PMAS.CHI w
NH4OH

A diluted sample of the PMAS.CHI solution obtained above after 24 hr

electrohydrodynamic polymerization was titrated dropwise with conce
NH4OH. The color of the solution changed from pale yellow/brown to

NH4OH was progressively added. UV-Visible spectra recorded during t

titration are shown in Figure 7.14. These revealed a large decrease

the initial polaron band of the PMAS at 470 nm as more NH4OH was add
(increasing pH). Broad bands at ca. 330-400 nm and 720 nm appeared

same time. Isobestic points were observed at ca. 410 nm and 525 nm,
clean interconversion between two PMAS species

This behavior of PMAS.CHI in the presence of alkali is very similar
previously observed by Strounina et al. [24] for the PMAS(NH4+). It

to arise from the emeraldine salt form of PMAS changing from an "ex

to a "compact coil" conformation, as shown in Scheme 7.3. It contra

with the behavior of the PAn.CHI (see Section 7.3.1.1 above), where
alkaline treatment led to de-doping of the PAn emeraldine salt and
the PAn (emeraldine base).CHI species.
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Figure 7.14. UV-Visible spectra of an electrohydrodynamically generated
PMAS.CHI solution (a 2.5 hr sample from Figure 7.13) during titration with
NHUOH

7.3.4.2 Redox Switching of Electrohydrodynamically Generated PMAS.CHI
Eletrohydrodynamically generated PMAS.CHI was found to be readily oxidized
and reduced in aqueous solution.

Reduction of PMAS.CHI with Hydrazine
Upon treating a solution of PMAS.CHI obtained from the above
electrohydrodynamic synthesis with 0.1 M hydrazine, the pH increased to 9.0
and the color changed to pale yellow within 1 min. The UV-Visible spectral
changes were monitored with time (Figure 7.15). The characteristic peak of
PMAS.CHI at 470 nm vanished and a new peak appeared at ca. 410 nm within 1
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min. This behavior is very similar to that previously observed by Strounina et al.
[24]. for the PMAS(NH4+) species (Scheme 7.3).

No further changes in the UV-Visible spectrum were observed over another 60

min (Figure 7.15). This latter observation contrasts with the behavior previou
reported by Strounina [24] for the hydrazine reduction of the PMASfTSIH/)
species, where at longer reaction times further spectral changes occurred due
the partial formation of the fully reduced leucoemeraldine base form of PMAS

(^max 330 nm). The different behavior observed here (Figure 7.15) indicates th
the presence of chitosan in the PMAS.CHI composite stabilized the 410 nm

species towards further reduction. The nature of this 410 nm species is uncert
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The above reduced form of P M A S . C H I (obtained by treatment with hydrazine

hydrate for 60 min) was found to re-oxidize to the initial emeraldine salt f
when the solution was made 2.0 M in HC1. The UV-Visible spectral changes

shown in Figure 7.16 reveal this reverse process, i.e. oxidation in the pres
2.0 M HC1. During a 30 min period, the reduced species peak at 410 nm

disappeared and the 470 nm band characteristic of the emeraldine salt form of

PMAS reappeared. Except for the initial trace, an isobestic point was obtain
ca. 425 nm.

reduced PMAS.CHI solution
after add 2 M HCI
2 min
4 min
7 min
15 min
30 min

450

500

550

Wavelength (nm)

Figure 7.16. UV-Visible spectral changes during the re-oxidation in 2.0 M H C I
of the reduced form of PMAS.CHI (the 410 nm species from Figure 7.15)
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Oxidation of PMAS.CHI in Basic Solution
Concentrated NaOH was added to an aqueous PMAS.CHI solution obtained from
the above (Section 7.3.4) electrohydrodynamically synthesis to give a pH of
(and the conversion of the PMAS to a "compact coil" conformation). Aqueous
(NH4)2S208 (0.1 M) was then added, causing a color change from blue to violet.

The UV-Visible spectral changes (Figure 7.17) revealed the disappearance of t

two original broad bands at ca. 720 and 400 nm and the growth of a peak at ca.
525 nm. These changes indicated the formation of the fully oxidized
pernigraniline base (PB) form of PMAS (Equation 7.4). The 525 nm peak of the
oxidized product is very similar in position to that (A,max 530 nm) previously

observed by Strounina et al. [24] for pernigraniline base (PB) prepared via t
oxidation of PMASCNH^ (Scheme 7.3).

The above oxidation process was observed to have isobestic points at ca. 570,
390 and 345 nm during the 50 min that the oxidation of PMAS.CHI was

monitored. The failure of the initial PMAS.CHI trace to pass though the isobe
points suggests that there may be a rapid rearrangement of the PMAS or other
process occurring prior to the slower formation of the pernigraniline base
product.
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Figure 7.17. UV-Visible spectral changes during the oxidation of an
electrohydrodynamically generated from solution of PMAS.CHI with 0.1 M
(NH4)2S208 in base (pH 10.5)
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Scheme 7.3. Redox a n d p H switching of P M A S . C H I
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7.4 Conclusions
The chemical or electrochemical polymerization of aqueous aniline and 2-

methoxyaniline-5-sulfonic acid (MAS) monomer in the presence of ca. 1 % (w/v

chitosan and ca. 1 % acetic acid (v/v) has resulted in the formation of PAn.
and PMAS.CHI composites. With chemical oxidation (using S2082" as oxidant)

and electrohydrodynamic polymerization (using a flow-through electrochemica
cell), water soluble or dispersible PAn.CHI and PMAS.CHI composites are
formed. However, the electrochemical polymerization of aqueous
aniline/chitosan/CH3COOH solutions in a static cell gave a film of the
corresponding PAn.CHI composite. This may be due to the higher localized

reagent concentrations at the surface of the ITO-coated glass electrode cau

the formation of a higher molecular weight PMAS polymer. In all cases, the U
Visible spectra of the composite are consistent with the PAn and PMAS being
their emeraldine salt form in the composites.

The observation of CD spectral bands for the chemically generated PMAS.CHI

solution indicates that the chiral chitosan in the composite has induced ch
into the polymer chains of PMAS. This may result from the PMAS chains

partially following the one-handed helical structure of the chitosan, due t
base interactions between the PMAS sulfonate groups and the amine groups on
the chitosan.
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The PAn.CHI and PMAS.CHI composites show similar pH behavior to those
previously observed for unsubstituted polyaniline and PMAS(NH4+),

respectively. UV-Visible spectral changes confirm alkaline de-doping of th
in the PAn.CHI to its emeraldine base form (Xmax 580 nm). However, with

PMAS.CHI alkaline treatment leads instead to a conformational change in th
PMAS chains from a "compact coil" to an "extended coil" conformation.

The P An.CHI a nd P MAS.CHI composites sh ow s ome s imilar r edox s witch
properties to those observed previously [24, 27] for unsubstituted parent

polyaniline and PMAS(NH4+), respectively. For example, upon the reduction o
PAn.CHI with hydrazine (0.1 M) the solution underwent a slow color change

from b lue to c olorless o ver 3 0 - 5 0 min, w ith a d ecrease o f t he c
emeraldine base peak at ca. 630 nm with time. A peak grew at ca. 325 nm

assigned to a 71-MT* transition absorption. These spectral changes are cons

with conversion to the leucoemeraldine base form of polyaniline in the chi
composites.

However, reduction of PMAS.CHI by 0.1 M hydrazine exhibits a different

behavior to the two-stage reduction reported previously by Strounina et al

for PMAS(NH4+). While UV-Visible spectral studies showed the same first sta
disappearance of the characteristic peak of PMAS.CHI at 470 nm, and the

growing of a new peak at ca. 410 nm (as observed with PMAS(NH4+)), no furth
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conversion to the leucoemeraldine base form (^max 330 nm) of PMAS was
observed for the PMAS.CHI composite.

When the emeraldine base (EB) form of PAn.CHI (pH 8.0) was treated with 0.1

M (NH4)2S208, the aqueous solution changed color from blue to orange. The UV-

Visible spectral changes revealed the rapid (1 min) disappearance of the or
emeraldine base exciton band at ca. 630 nm and the appearance of a band at

510 nm. This change indicates formation of the fully oxidized pernigranilin

form of polyaniline in the PAn.CHI composite. Further spectral changes over
next 100 min showed a blue shift of the 510 nm band to ca. 475 nm, with an

isobestic point observed at ca. 600 nm. The cause of these further spectral
changes at longer times is uncertain, and are unprecedented in polyaniline
chemistry.

Like unsubstituted polyaniline, PMAS.CHI is also readily oxidized by

ammonium persulfate in basic solution to give the corresponding pernigranil

base form. The UV-Visible spectral changes revealed the disappearance of th
two original broad bands at ca. 720 and 400 nm and the growth of a peak at
525 nm (with isobestic points at ca. 570, 390 and 345 nm), indicating the
formation of the fully oxidized pernigraniline base form of PMAS.
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